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SECTION  I 
INTRODUCTION 


SECTION  I 


INTRODUCTION 

One  of  che  becter  known  sources  for  aircraft  performance  estimates 
is  the  text  by  Perkins  and  Hage,  ‘'Airplane  Performance  Stability  and 
Control."  Since  the  introduction  of  their  text  in  1949  there  have 
appeared  several  other  publications  directed  at  predicting  performance. 
8y  and  large,  these  efforts  were  concerned  with  evaluating  the  perform¬ 
ance  characteristics  of  segments  which,  when  added  together,  define  an 
aircraft  mission  profile.  These  segments  include  takeoff,  climb, 
cruise,  acceleration,  deceleration,  descent  and  glide,  turning,  and 
land lng. 

Today  digital  computer  programs  exist  which  analyse  the  segments 
given  the  aircraft  configuration  definition.  This  definition  consists 
of  the  aerodynamic  and  engine  performance  characteristics,  the  internal 
and  external  fuel  load,  and  the  payload.  The  computer  programs  deter¬ 
mine  the  fuel  used,  the  time,  and  the  distance  covered  in  each  segment 
of  the  profile.  If  the  aircraft  configuration  or  mission  is  changed, 
then  in  general  the  program  must  be  icivui  ? rOin  the  in  ord$r  to 

establish  the  different  mission  profile.  Generally  the  time  required 
to  do  this  is  available.  Unfortunately  this  is  not  always  the  case 
and  often  is  not  the  economical  approach,  particularly  if  the  change 
Is  small.  Thus  it  is  desirable  to  have  available  techniques  or  data 
which  account  for  the  changes  in  the  profile  or  configuration. 

This  effort  has  as  one  of  its  objectives  the  derivation  of 
sensitivity  analysis  which  predicts  first  order  changes  In  performance 
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due  to  small  changes  In  the  configuration.  Configuration  changes  could 
be  an  aerodynamic  change,  such  as  the  addition  of  external  stores,  or 
a  modified  wing,  or  any  other  external  modification.  Inlet  modifica¬ 
tions  or  engine  changes  represent  installed  engine  performance  changes. 
Weight  changes  result  from  the  previous  changes,  different  payloads, 
and  different  fuel  loads.  Thus  the  ability  to  rapidly  and  accurately 
account  for  small  configuration  changes  seems  to  be  a  desirable  goal. 

Unf ortunately ,  techniques  or  data  for  accomplishing  this  are  lacking. 

Sensitivity  results  are  an  end  product  and  are  derived  as  follows. 
Each  segment  of  a  mission  profile,  the  climb,  cruise,  etc.,  is  studied 
separately.  The  mathematical  formulation  of  the  segment  is  the  first 
step.  This  includes  the  definition  and  assumptions  which  are  necessary 
tor  formulating  che  problem,  and  is  referred  to  as  genet alittru  get t fin¬ 
ance.  The  second  step  is  the  derivation  of  approximate  analytical 
solutions.  Differentiation  of  these  analytical  solutions  determines 
the  sensitivity  relations.  Substitution  of  the  configuration  character¬ 
istics  Into  the  sensitivity  relations  then  provides  the  desired  sensi¬ 
tivity  results. 

It  should  be  clear  at  this  point  that  we  are  talking  primarily 
about  point  performance  problems.  In  other  words,  we  are  discussing 
the  local  properties  of  the  trajectory  for  a  given  mission  segment. 

We  may  integrate  over  e  given  segment  with  respect  to  time  or  some 
other  selected  independent  variable,  but  the  result  should  not  be 
construed  as  an  optimal  solution  between  the  initial  and  the  final 
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segment  of  a  profile  but  clearly  they  are  suboptiraaJ  for  the  reason 
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that  the  total  mission  may  not  be  optimized.  A  global  optimal  solution 
Is  that  solution  which  optimizes  the  performance  function  over  the 
whole  mission.  Examples  are  the  maximization  of  the  total  range  for  a 
specified  amount  of  available  fuel  or  the  minimization  of  the  fuel  re¬ 
quired  to  fly  between  two  specified  points.  These  and  similar  problems 
are  beyond  the  scope  of  this  effort. 

Organization  of  this  report  is  by  section,  takeoff,  climb,  cruise, 
descent  or  glide,  turning,  and  landing  performance.  In  each  section 
generalized  performance  is  presented  first.  Next,  approximate  analy¬ 
tical  solutions  are  determined.  Finally,  sensitivity  parameters  are 
derived.  Graphical  solutions  are  presented  for  each  problem  studied. 

The  performance  estimates  in  general  are  based  upon  a  standard 
day.  Those  non-standard  day  problems  which  are  studied  are  identified 
in  the  text.  For  the  analytical  results  an  exponential  atmosphere  is 
often  assumed.  This  corresponds  to  an  exponential  relation  between 
atmospheric  density  and  altitude. 

In  subsequent  sections,  reference  will  be  made  to  the  troposphere 
and  stratosphere.  Both  are  atmospheric  layers  above  the  earth's 
surface.  The  first  layer  is  the  troposphere.  Across  this  layer  the 
atmospheric  temperature  varies  with  altitude.  Initially,  in  the  second 
layer  (the  stratosphere)  the  temperature  is  constant.  This  layer 
extends  to  approximately  66,000  feet.  The  altitude  at  which  the 
troposphere  and  stratosphere  meet  is  called  the  tropopause  and  corres¬ 
ponds  approximately  to  36,089  feet  for  a  1962  standard  atmosphere. 
Atmospheric  data  for  a  standard  day  are  presented  in  the  Appendix. 

For  performance  analysis  the  primary  atmospheric  variables  are  the 
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density  and  the  speed  of  sound.  For  a  non-standard  day  the  corrections 
for  these  variables  are  as  follows. 

It  will  be  assumed  that  the  pressure  altitude  Is  the  same  for  both 
a  standard  and  non-standard  day.  The  temperature  will  be  different, 
however;  consequently  both  the  density,  p,  and  speed  of  sound,  a,  will 
be  different.  Subscripts  S  and  C  will  denote  a  standard-day,  and  a 
standard-day  sea-level  value,  respectively.  From  the  equation  of  state 


P_ 

Ps 


.  fi-2L 

Ps  ^8 


(1-1) 


In  terms  of  standard  day  sea  level  density  Equation  1-1  can  be 
rewritten  as 


Pso  Pb  Pso 

-  Os/f(T)  (1-2) 

where 

f(T)  -  T/Ts  (1-3) 

In  Equation  1-2,  os  is  the  standard  day  density  ratio  which  can  be 
extracted  directly  from  the  tables  In  the  Appendix.  The  non- 
dimensional  temperature  ratio  f(T)  is  presented  in  Figure  1-1  as  a 
function  of  altitude  and  AT,  whera  AT  is  the  difference  In  temperature 
between  a  standard  and  nor.-standard  day.  The  interpolation  is  linear 
for  any  value  of  AT.  The  speed  of  sound  Is  proportional  to  the  square 
root  of  the  absolute  temperature,  thus 


6  2  1  00  H 


1-4 


-62  26  9 


(1-4) 


-  \I  f(T) 

The  standard  day  spaad  of  aound,  ag,  is  obtained  from  the  tables  in  tho 
Appendix.  Thus  the  density  and  speed  of  aound  for  a  non-standard  day 
can  be  derived  from  standard  day  atmospheric  tables  and  the  correction 
f  (T). 

Numerical  solutions  to  all  problems  except  climb  performance  were 
derived  by  means  of  a  scientific  calculator.  Any  electronic  slide  rule 
capable  of  performing  chain  operations  la  adequate  for  determining  the 
numerical  solutions. 

The  first  section  will  address  problems  relative  to  the  estima¬ 
tion  of  takeoff  performance. 
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SECTION  II 


TAKEOFF  PERFORMANCE 

Problem  Definition  and  Assumptions 

In  today's  age  of  larger  and  larger  military  and  commercial 
aircraft,  the  available  takeoff  field  length  becomes  one  of  the  key 
design  requirements.  For  a  given  design  mission  the  takeoff  field 
length  requirement  can  directly  Impact  the  design  of  an  aircraft. 

This  is  particularly  true  for  the  bomber  and  cargo  carrying  aircraft 
where  high  payload  and  long  range  are  major  mission  requirements.  For 
the  smaller  high  thrust  to  weight  ratio  fighter  and  interceptor  air¬ 
craft,  the  takeoff  field  length  requirement  does  not  usually  impact 
the  design.  The  high  thrust-to-weight  ratio  will  produce  relatively 
short  field  lengths.  However,  in  the  preliminary  design  of  any  air¬ 
craft  the  designers  must  first  consider  takeoff  requirements  for  the 
design  mission. 

An  example  of  how  the  takeoff  requirements  can  affect  the  design 
of  an  aircraft  is  illustrated  by  today's  military  and  commercial  air¬ 
craft.  Their  sophisticated  wing  fisp  systems  are  a  result  cf  the 
takeoff  requirements  (also  landing  requirements  which  will  be  covered 
in  Section  VII).  The  engine  is  usually  sited  to  meet  field  length 
requirements  for  the  large  commercial  and  military  aircraft.  (Note: 
This  may  not  be  true  in  the  case  of  a  supersonic  bomber  or  fighter 
where  the  engine  sire  may  be  determined  by  climb  or  cruise  require¬ 
ments.)  This  results  in  designing  increased  weight  and  complexity 
into  the  aircraft  to  handle  the  first  three  to  five  minutes  of  the 
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mission.  Certainly  then,  tho  takeoff  requirements  arc  a  very  critical 


parameter  In  mission  planning  and  preliminary  design  of  an  aircraft. 

The  purpose  of  this  section  is  to  provide  Information  and  back¬ 
ground  so  that  the  preliminary  design  analyst  can  determine  field 
length  capability  of  a  given  configuration.  The  takeoff  problem  talked 
about  hero  will  be  the  conventional  ground  run  follov’ecl  by  transition 
to  a  given  obstacle  height.  The  obstacle  height  is  50  feet  for  mill- 
tary  aircraft  and  35  feet  for  civilian  aircraft.  The  takeoff  field 
length  for  any  aircraft  is  the  sum  of  the  ground  roll  distance  to  lift¬ 
off  and  the  transition  distance  to  the  obstacle  height.  This  is 
lllustratod  in  Figure  2-1.  Airport  and  runway  conditions  which  affect 
the  field  length  are  temperature,  altitude,  wind,  and  runway  slope. 

For  preliminary  design  work  it  is  assumed  there  is  no  wind  or  runway 
slope.  Runway  slope  and  wind  components  are  taken  Into  consideration 
for  operational  and  flight  handbooks. 


Methodology 

The  ground  run  will  be  considered  first  in  the  takeoff  analysis 
problem.  This  is  the  distance  from  aircraft  brake  release  to  lift-off 
speed.  Rie  lift-off  speed  is  based  on  the  attainable  Cl  (lift 
coefficient)  at  rotation  of  the  aircraft.  Determination  of  the  Cj  at 
lift-off  will  be  discussed  later  In  this  section. 

The  derivation  of  the  equations  of  motion  for  the  ground  roll 
portion  will  now  be  made.  Figure  2-2  Illustrates  the  external  forces 
acting  on  the  aircraft  during  the  ground  roll.  These  forces  are  lift, 
drag,  thrust,  weight,  and  ground  friction. 
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Figure  2-1  Definition  of  Take-off  Field  Length 


Figure  2-2  Forces  Acting  on  the  Aircraft  For  The 
(■round  Run 
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The  velocity  (V)  and  acceleration  (a)  at  any  given  time  is  defined  as: 


V  _  «  a  .  dV 

V  dt  »  “  He 


dt 


Therefore 


dS  -  V  dt  and  dt  -  — 

a 


dS  -  V  — 


(2-1) 


(2-2) 


where  S  Is  the  distance  traveled. 

Integrating  Equation  2-2  give* 

SG  -  <V‘Vw>dV 

A 


where 


Sr  ■»  ground  run  distance 


'LU 


*b  lift-off  speed 
•  wind  speed 


(2-3) 


The  ground  run  distance  can  now  be  calculated  by  determining  the 
acceleration  of  the  aircraft.  This  can  be  done  by  summing  the  forces 
acting  on  the  aircraft.  The  frictional  force  Fj  Is 

Ff  »  |iN  -  p(W-L) 

where  p  is  the  coefficient  of  friction  between  the  runway  surface  and 
the  tires.  The  external  fo  e  Fa  is 


v  W 

r  „  •  oa  ■  -  a 

a  g 


(2-6) 


Summing  the  forces  acting  on  the  aircraft  and  substituting  them  in 
Equation  2 -4  gives 


2-4 


6  2  269  1 


6  2  1  00  B 


T  -  D  -  ji(W-L)  -  W  sin  0 


W 

? 


a 


where  a  negative  0  Is  a  downhill  slope  and  a  positive  0  is  an  uphill 
slope.  We  assumed  earlier  that  the  slope  would  be  zero  for  preliminary 
design,  therefore. 


and , 


W  sin  0  -  0 

T  -  D  -  ji(W-L)  -  “  a 


Solving  for  the  acceleration  gives 


a  -  £  [(T  -  4W)  -  (D  -  |iL>] 


The  lift  and  drag  forces  are  defined  as  follows 


(2-5) 


L  •  Cj  qS  and  D  »  Cq  <l  S 
Substituting  the  lift  and  drag  Into  Equation  2-5  gives: 

a  "  |  L(T  -  JiW)  -  (CD  -  nCL)  Sq]  (2-6) 

and  substituting  Equation  2-6  into  Equation  2-3  gives: 


VL0  w  (V  •  Vw)  dV 

vw  «  "tdVw)  -  (cD-4CL)sq] 


(2-7) 


This  equation  can  now  be  integrated  from  the  initial  velocity  (Vw)  to 
the  lift-off  speed  (V^)  to  give  the  ground  roll  distance.  The  lift¬ 
off  speed  is  determined  from  the  following  equation  by  knowing  the 
lift-off  CL. 


V 


Lo 


2W  _ 

Ci  S  D 

Lw 


(2-8) 
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The  lift-off  CL  can  be  derived  frees  wind  tunnel  data,  analytical  pre¬ 
dictions,  or  flight  test  data.  The  angle  of  attack  to  produce  the 
lift-off  Cl  should  be  calculated  with  adequate  ground  clearance  to 
clear  the  tail  and  the  landing  gear  struts  in  the  static  compressed 
position.  In  determining  the  lift-off  Cl  a  check  must  be  made  to 
determine  if  the  CL  falls  within  the  required  constraints.  For 
example,  MIL-C-5011A  states  that  the  lift-off  CL  Bust  not  be  greater 
than  that  for  110%  of  power-off  stall  apaed.  It  also  states  that 
distances  to  clear  the  obstacle  shall  be  based  an  120%  of  the  power- 
off  stall  speed.  In  these  two  cases  the  appropriate  lift  coefficients 


are  deflneu  as: 


Cliio% 


'STALL 


'12  0%  Vs  rAl  | 


Clstall 

1.21 

Clsiall 

1.44 


Figure  2-3  illustrates  the  rel -tlor.ship  of  the  ground  run  CL,  lift-off 
Cl,  Cl  limits,  and  the  Cl  stall.  If  the  geometry  limited  lift-off  Cl 
falls  below  the  CL  for  110  and  120%  Vct*tt..  it  would  be  used  for  the 
lift-off  CL  (as  shown  in  Figure  2-3).  Should  the  geometry  limited 
lift-off  CL  tall  above  the  CL  for  110  and  12 0%  VSTALL  the  appropriate 
Cl  for  lift-off  and  transition  to  the  obstacle  height  must  be  used. 

It  should  be  noted  the  wing  in  proximity  to  the  ground  has  an 
effect  on  the  Cl  vs.  a  curve  as  shown  in  Figure  2-3.  This  is  commonly 
known  as  ground  effect.  If  the  analyst  has  good  wind  tunnel  data 
available  for  ground  effect  they  may  want  to  Include  It  in  takeoff  or 
landing  analysis. 
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However,  the  ground  effect  is  a  function  of  the  altitude  of  the  wing 


above  the  ground  and  previous  analysis  shows  that  this  effect  deterior¬ 
ates  very  rapidly.  For  wing  heights  of  one-half  wing  span  the  Cl  vs.  a 
is  very  close  to  that  of  free  air.  For  high  wing  aircraft  the  ground 
effect  could  be  very  small.  For  preliminary  design  the  ground  effect 
is  often  ignored. 


Figure  2-3  Ancle  of  Attack  and  C.  Relation  for 
Ground  Run  and  Lift-^ff 


In  genoral,  it  is  nscessary  to  solve  5q  by  numerical  integration. 
However,  for  the  purposes  of  preliminary  design  an  analytic  expression 
can  be  derived  from  Equation  2-7.  By  Assuming  that  Cq  «  Cp  ,  Ci  •»  Cl„» 
and  the  thrust  are  all  constant.  Equation  2-7  cay  be  written 
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G  g 

VL0 

(V  -  Vw)  dV 

w 

I  -  Ii  -  BSd 

w  2w 

<CdG  ■  ^Cl’G) 

(2-9) 

m  A. 

VL0 

1 

(V  -  Vw)  dV 

4 

Vw 

C2  -  V2 

where 


A  -  1/ 


gps 


—  lCuG  ‘  UC‘c) 


r2  T/w  -  |i 

v  m  ■  ■  ■  ■  1 

<C»G  ‘  fiCLG) 


Rewriting  the  Integral  In  Equation  2-9  In  partial  fractions  gives 


SG  -  A  J  ( 


LO  .  c  -  vw  *  JL  „  C  ♦  v«  1 


2C  C-V  2C  OV 


'  rr:  )  dv  (2-10) 


Integrating  Equation  2-10  gives 


S0  -  fj  (c-7w)  (n  fj  (OV.)  ^  ^ 


(2-11) 


By  assisting  the  no  wind  condition. 


i 


the  ground  roll  distance  reduces  to 


SG 


c‘-v 


LO 


(2-12) 


By  using  Equations  2-8  and  the  definitions  for  A  and  C2 ,  Equation  2-12 
can  be  solved  and  presented  In  genei^ilied  terms.  Figure®  2-5, 

and  2-6  present  the  lift-off  speed  (Vj^)  and  ground  roll  distance  (SG) 
in  terms  of  W/C,  S,  altitude,  W/S(<:D  -  ),  and  T/W.  These  data 

are  for  standard  day  conditions. 
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Generalized  Take-Off  Ground  Run  Distance 


Another  approach  to  determining  the  ground  run  Is  based  upon  the 


assumption  of  average  acceleration.  This  leads  to  a  simple  form  for 
the  ground  run.  In  Equation  2-6  we  see  that  if  the  aerodynamic 
coefficients  are  constant  and  the  thrust  fairly  constant,  the  accelera¬ 
tion  varies  as  the  speed  squared.  This  is  illustrated  in  Figure  2-7, 
The  average  acceleration  will  be  at  (a^  ♦  a2>/2.  The  velocity  at  this 
point  will  then  be  the  average  velocity  for  the  ground  roll.  Assuming 
the  no-wlnd  condition  (Vv-  0) ,  the  velocity  increment  <&V)  Is  then 
equal  to  V^.  The  average  velocity  squared  is  then 

y2  •  Vj 

and  solving  for  the  average  velocity  gives 


V 


0.707 


(2-13) 


Knowing  V^,  we  can  compute  the  ground  run  distance  in  one  step  by 
using  average  values.  Equation  2-3  can  be  Integrated  from  Vw  ■  0  to 
VL0  to  give  Equation  2-14, 


where, 

a  -  g/w  £<T  -  4*)  -  (CD  -  nCL)  Sq] 


(2-14) 


(2-15) 


and  q  is  evaluated  at  V. 

Substitution  of  A  and  gives: 


S 


G 


A 

2 


O 


c2-*vl02 
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The  difference  between  this  solution  and  Equation  2-12  Increases  as 
Vy-j  approaches  C.  For  example,  for  an  extreme  case  such  as  the  KC-135, 
which  has  a  low  thrust  to  weight  ratio  and  high  lift-off  speed,  the 
difference  is  less  than  one-half  of  one  percent.  The  parameters  T  and 
q  are  evaluated  at  V.  I'he  parameters  S,  W,  CD,  Cl,  and  p  are 
characteristics  of  the  aircraft. 

The  transition  tram  lift-off  to  obstacle  height  is  the  second 
phase  of  the  takeoff  run  and  is  included  in  the  field  length  calcula¬ 
tion.  This  phase  le  basically  a  problem  of  determining  the  tiae  required 
to  clear  the  obstacle  froa  the  lift-off  point.  Because  the  obstacle 
height  is  small,  the  transition  tlaes  are  very  saall  (1  to  6  seconds 
depending  on  climb  capability),  which  allows  it  to  be  calculated  very 
easily  in  one  step  by  assuming  average  values  for  speed  and  load  factor. 

The  time  and  distance  to  clear  the  obstacle  can  be  determined  by 
examining  the  forcas  acting  on  the  aircraft  as  illustrated  in  Figure 
2-8.  Summing  the  forces  parallel  to  the  flight  path  gives: 


T-D-W  sin  y  -  -  (~)  -  0 
g  dt 


(2-16) 


Suraing  the  forces  pcerpaiiulouisr  to  the  fllglt  path  gives; 


L  -  -  (^)  V  -  W  cos  y  -  0 

g  dt 


(2-17) 


Solving  Equations  2-16  and  2-17  for  V  and  y  gives 


V-  g  (£-£-sinY) 


(2-18) 


and. 


T 


we  Y  ) 


/o  i  n\ 
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•  •  dV  dY 

where  V  and  y  are  ~  and  "  respectively.  Assiaalng  the  speed  Is 
essentially  constant  and  y  is  mail,  integrating  Equation  2-19  gives 

Y  -  £  (n-l)t  (2-20) 

where  n  is  defined  as  the  load  factor  and  Is  equal  to  L/V.  For  a 
constant  speed  Equation  2-18  nay  be  written 

C  -  g  (  “  -  ~  -  sin  y  ) 
and  solving  for  y  gives 


Y 


sin 


-1 


( 


T-D 

W 


) 


This  y  would  be  the  maxloua  flight  path  angle  attainable  during  the 
transition  with  no  spaed  loss  and  n  -  1.0,  Therefore, 


w  - 8ln 


or, 

Ymax-sih'1  (  w  *  I7d  >  (2-21) 

where  n  -  L/W  -  1.0.  Referring  to  the  inaet  of  Figure  2-8,  if  the 
obstacle  Is  reached  before  y^^,  which  is  usually  the  case,  then 


‘•l  wl 

hl  "  H0B  "  /  v  sln  Y  dt  -  /  V  Y  dt 


o  o 

for  snail  Y ' s .  Substituting  Equation  2-20  and  integrating  gives 

2 


4  -  1/2  g  (n-i)  4 


Tho  distance  covered  is 


‘1  “  SF  "  /  v  co*  Y  dt 


therefore , 


s^  «>  Vt 


2-15 


(2-22) 
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The  Lime  to  clear  the  obstaclo  Is  solved  from  Equation  2-22 


2  Hpp 

tj-  "  V  g(n-t) 


(2-23) 


and  the  distance  is 


S 


F 


V 


2hob 

\  g(n-l) 


(2-24) 


If  for  load  factor  of  1.0  Is  reached  before  the  obstacle,  YMAX 

is  flown  from  to  Hqjj.  Since 


tan  YMAX 


nps  ~  hi 

SF  “  S1 


SF  "  S1  +  ^hOB  "  hl^  cot  yMAX  (2-25) 

where 

yMAX  V 

1 1  -  - 

g(n-l) 

hj  -  1/2  g  (n-1)  tj2 

S1  “  Vtrl 

and  n  is  the  load  factor  during  the  flare  to 

The  total  field  length  can  then  be  derived  by  summing  the  distances 
calculated  in  Equations  2-24  or  2-23  with  those  in  2-12  or  2-14. 
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Applications  and  Sensitivity  Analysis 

For  preliminary  design  analysis  it  is  convenient  to  have 
generalized  takeoff  performance  in  the  form  of  a  chart  or  graph.  This 
offers  the  engineer  an  aid  for  visualizing  sensitivity  to  parameters. 
Takeoff  field  lengrhs  can  then  be  adjusted  as  the  configuration  is 
altered.  This  section  will  demonstrate  by  example  graphs  which  pro¬ 
vide  the  engineer  with  the  capability  to  calculate  takeoff  field  length. 
The  graphs  Include  multi-engine  aircraft  with  critical  field  lengths 
based  on  an  engine  failure. 

In  Equation  2-15  we  see  that  the  average  acceleration  is  a  func¬ 
tion  of  T/W,  S/W,  q,  CD,  CL,  and  ji.  We  con  let  T/W,  S/W,  and  q  be 
variables  and  we  can  then  sake  assumptions  about  ii,  C^,  and  Cp  which 
are  representative  of  the  aircraft  configuration  under  analysis. 

For  example,  a  typical  configuration  might  have  the  following 
characteristics  which  would  apply  to  many  variations  of  that  con¬ 
figuration:  (l)  The  ground  run  rolling  (i  is  widely  accepted  to  be 
0.025,  which  corresponds  to  rubber  tires  on  asphalt  or  concrete.  For 
other  applications  the  roiling  p  for  hard  turf,  short  grass,  long 
grass,  and  aoft  ground  are  0,04,  0.05,  0.10,  and  0.10  to  0.30, 
respectively.  (2)  The  value  for  Cl  ground  run  Is  usually  very  small 
and  can  be  assumed  to  be  zero.  (3)  The  ground  run  dreg  coefficient  is 
300  counts  (,Cpn  -  0.0300),  which  is  typical  for  largs  aircraft.  Foi 
data  other  than  assumed  here,  reference  should  be  made  to  Figures  2-5 
end  2-6  to  determine  field  length  variations. 
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With  the  above  assumptions  And  Equation  2-14  we  can  construct  a 
chart  (Figure  2-9)  of  ground  roll  distance  as  a  function  of  T/W,  S/V, 
and  V^Q.  This  chart  la  yery  accurate  when  used  for  preliminary  design. 
The  parameter  sensitivity  represented  in  the  chart  can  be  applied  to 
many  configuration  variations.  The  lift-off  speed  (Vjjq)  is  determined 
from  Equation  2-8  corrected  to  knots  and  the  parameters  T/W  and  S/W 
are  characteristics  of  the  particular  configuration.  This  Information 
used  along  with  the  chart  will  then  provide  ell  of  the  engine  takeoff 
ground  run  distance. 

In  the  case  of  large  multi-engine  aircraft,  military  and  civilian 
regulations  require  that  critical  field  lengths  be  calculated  to  in¬ 
clude  ar.  engine  failure.  The  engine  failure  point  or  critical  engine 


sp^flu  la  such  uiol  uib  u i . .  — i iv.  to  — wOrf  £iid  step  the  ni rcr^f t  Is 

equal  to  the  distance  to  continue  the  takeoff  with  an  engine  out. 

Ah  engine  failure  prior  to  the  critical  engine  speed  would  result  in 
an  aborted  takeoff  although  an  angina  failure  after  the  critical  engine 
speed  (V^)  has  been  reached  would  result  in  a  committed  takeoff. 
Determination  of  the  apeed  is  done  analytically  and  is  an  Iterative 
process.  A  V ^  speed  Is  selected  and  the  aircraft  accelerated  to  that 
speed.  At  this  point  an  engine  is  cut  And  the  takeoff  run  is  continued 
to  the  obstacle  and  the  field  length  calculated.  A  second  calculation 
is  made  from  the  speed  (engine  failure  paint)  to  determine  the 
distance  required  to  make  a  maximum-effort  stop.  The  two  distances 
are  then  compared  and  the  Vj  speed  is  adjusted  until  the  distances 
are  -Twl.  The  resulting  d  1  scenes  is  then  the  critical  field  length. 


An  engine  failure  before  this  Vj  speed  will  result  in  a  shorter 


stopping  distance  and  a  failure  at  a  higher  speed  will  result  In  a 
shorter  ‘'engine  out  go"  distance.  Figure  2-10  shows  the  relationship 
of  the  speeds  to  distances  for  the  takeoff  run.  Bie  "maximum-effort 
stop"  distance  Is  a  function  of  many  variables.  These  include  engine 
spin  down  time,  pilot  reaction  time,  effective  braking  coefficient, 
and  energy  absorbing  capability  of  the  brakes.  For  preliminary  design 
It  Is  usually  assumed  that  the  braking  system  will  have  the  capability 
to  perform  a  maximum  effort  stop  at  maximum  design  gross  weight.  The 
other  variables  are  a  function  of  the  particular  ground  rules  which 
apply  to  the  type  of  aircraft  being  used  and  are  later  verified  In 
flight  test. 

Assuming  the  critical  engine  speed  occurs  at  75X  lift-off  speed, 
we  c«n  construct ,  for  example,  a  chart  identical  to  Figure  2-9  that 
reflects  an  engine  failure  at  the  critical  engine  speed.  Figures  2-11 
and  2-12  then  give  ground  roll  distance  for  a  25  and  50X  loss  of  power, 
respectively.  To  calculate  the  engine-out  ground-roll  distance  for  a 
four-engine  airplane  Figure  2-il  would  be  used,  and  Figure  2-12  for  a 
two-engine  airplane.  The  onglne-out  ground-roll  distance  for  a  three- 
engine  airplane  would  mean  a  33-1/3X  power  less  for  an  engine  failure. 
For  this  case  it  will  be  necessary  to  Interpolate  between  Figures  2-11 
and  2-12. 

The  determination  of  the  transition  distance  for  prollmln&ry 
design  work  can  be  made  using  Equation  2-24.  A  chart  can  be  con¬ 
structed  of  transition  distance  vs.  speed  for  various  load  factors. 

For  most  aircraft  a  constant  speed  and  load  factor  can  be  assumed 
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Figure  2-10  Critical  Field  Length 
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throughout  the  transition  to  the  obstacle  height.  Figure  2-13  gives 
the  transition  distance  to  clear  a  30  foot  obstacle  which  is  the 
obstacle  height  for  field  length  calculations  for  military  aircraft. 
The  flight  path  angle  at  the  obstacle  in  Figure  2-13  is  calculated 
frou  Equation  2-20.  This  flight  path  angle  should  be  checked  against 
Figure  2-14,  derived  from  Equation  2-21,  which  presents  the  maximum 
flight  path  angle  attainable  for  the  configuration  being  analysed. 

If  tho  flight  path  angle  at  the  obstacle  is  equal  to  or  lass  than 
the  maximum  flight  path  angle  In  Figure  2-16,  then  the  transition 
distance  In  Figure  2-13  applies.  Otherwise,  Equation  2-25  will  be 
used  to  calculate  the  transition  distance. 

The  speed  used  In  the  transition  should  reflect  the  applicable 
ground  rules.  For  example,  MIL-C-3011A  requires  that  speed  used  to 
calculate  flare  distance  be  at  least  120*  of  the  power-off  stall 
speed.  This  speed  can  be  derived  from  the  relationship 


V 


2  V 


l*2  Stall  *s 


1/2 

) 


For  other  ground  rules  it  may  be  applicable  to  use  an  average  of 
lift-off  and  obstacle  speed  or  to  assume  lift-off  speed  throughout 
the  transition. 
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Once  the  field  length  requirement  for  a  given  configuration  has 
been  established  the  variation  of  the  ground  roll  to  snail  parameter 
changes  is  of  interest.  This  is  Important  for  first-order  effects  in 
preliminary  design  work.  The  analyst  then  has  a  good  Insight  Into  the 
sensitivity  of  various  parameters.  By  considering  Equation  2-14  for 
this  part  of  the  analysis,  the  effect  of  the  parameters  T/W,  W/SCj^, 
U/S  (Cdg  -  nCj^),  411(1  altitude  (h)  can  be  determined.  Logrlthmlc 
differentiation  of  Equation  2-14  yields 


dSG  „  dvL02  _  (2-26) 

SG  VLQ2  * 


?  —  2  — 
where  dSG,  dVLQ  ,  and  da  are  changes  in  SG,  VLp  and  a. 

From  the  definition  of  Equation  2-8 

dVLQ2  a  d^SCLG  _  dp 
VL02  W/SC^  P 


respectively. 


(2-27) 


For  an  exponential  atmosphere,  the  density  p  is  related  to  altitude  in 
the  following  approximate  way, 


P 


Po 


-eh 


where  p0  is  the  sea-level  density  and  p  is  approximately  1/30,500. 
Substitution  of  the  expression  for  p  into  Equation  2-27  gives 


dVL02  dU/SCr 

- -  .  -  ♦  ydh  (2-28) 

vI.O  w/sc^. 

w 


2-26 


6  2  0  7  9  < 

6  2  1  0V  $ 


July  1976 


^2  26  9  * 


Consequently,  by  Increasing  W/SCj^,  or  altitude  the  lift-off  speed  would 
be  Increased.  Differentiation  of  Equation  2-15  and  the  knowledge  that 
q  »  ^  pV2  gives 


da 


g 


T  d  (T/W  ft  VL0 

W  T7W  *  4  W/StC^-nC^)  dh 


0  VL02  dVL02  „  P  VL02 

4  ~V^0?  *  W/S(CDg-u) 


d - 2 - - 

s  ^cOg”^CLq^ 

w 


(2-29) 

Substitution  of  Equations  2-28  and  2-29  into  Equation  2-26  gives 


ST/W 


d  T/W 
T/W 


dW/SC^ 

*  sm/scLg  w/sc^ 


♦  s 


s^cog^clg) 


S^G^Lg) 

w _ 

S^Dg^Lg) 


♦  Shdh 


(2-30) 


where  ST/W,  etc.  are  sensitivity  parameters  defined  in  Table  2-1. 

In  the  form  presented  in  Equation  2-30,  any  change  In  W/S,  CD(,, 
or  la  accounted  for.  If  the  external  configuration  is  fixed,  the 
aerodynamics  should  not  change.  In  this  event  the  appropriate  form  Is 


dSG 

SG 


d  T/W  d  W/S 

I/w  ~  *  *w/s  —  ♦ 


(2-31) 


2-27 


a ?  i  oOB 


tabu;  2-1 


GROUND  RUN  SENSITIVITY  PARAMETERS 


Parameter 

T/W 

w/sc^ 


W/S(CDg-!iCLg) 
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Sensitivity  Parameter 

g  X 

if  w 

v  ^ 

I  ££  V^Q 

*  *  a  W/SCC^-nCj^) 

1  pg  VL02 _ 

2 

r  1  _pg _ !lo _ 

0  L  *  4  I  w/s  tcDc  - 


Substitution  of  the  average  speed  into  Equation  2-15  gives 


a  -  a  (  ..  -  u 

•'  '  ¥ 


<cdg-^clg> 

2  ^I*LO 


where  V 
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rL0 


Consequently,  Equation  2-31  can  be  written 


d  Sr 


SG 


g  T  d  T/W  d  W/S 

—  —  - - ♦  (jdh  ♦  - - 


a  W  T/W 


W/S 


(2-32) 


An  increase  in  T/W  results  in  a  decrease  in  Sq.  An  Increase  in  h  or 
W/S  increases  Sq. 
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Summary  of  the  Takeoff  Performance  Problem 


Methods  were  derived  to  calculate  the  takeoff  field  length 
including  the  transition  to  clear  the  obstacle.  These  methods  Include 
the  capability  of  using  variable  accelerations  or  assuming  constant 
accelerations.  Application  to  representative  configurations  shows  the 
ground  roll  distance  to  be  very  sensitive  to  lift-off  speed  and  thrust 
to  weight  ratio  and  less  sensitive  to  wing  loading.  Transition  analysis 
shows  the  distance  to  be  sensitive  to  lift-to-drag  ratio,  thrust-to- 
valght  ratio,  and  indepandent  of  ppaed  for  a  given  load  factor. 
Sensitivity  parameters  are  provided  for  the  ground  roll  to  account  for 
configuration  changes. 
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SECTION  III 
CLIMB  PERFORMANCE 

Problem  Definition  and  Assumptions 

For  stacic  climb  performance  the  problem?  of  interest  are  the 
maximum  flight  path  angle,  maximum  climb  rate,  and  minimum  fuel  con¬ 
sumption  for  a  given  altitude  increase.  From  an  integral  performance 
standpoint,  items  of  interest  are  those  associated  with  minimum  fuel 
to  climb  and  minimum  time  to  climb.  These  Integral  performance 
problems  will  bo  discussed  In  this  section. 

It  will  be  assumed  that  the  trajectory  remains  in  the  same 
vertical  plane;  that  Is,  there  is  no  turning.  The  equations  of  motion 


and  kinematic 

equations  are 

V 

-  g( 

T 

v7  ' 

■  ^  -  sin  v) 

(3-1) 
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(3-3) 

• 

K 

a* 

=  V 
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(3-4) 
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-  -SFC 

.  T 

(3-5) 

where  V  is  the  speed,  Y  is  tho  flight  path  angle,  T  is  the  engine 
thrust,  D  is  the  drag,  n  Vs  the  load  factor,  SFC  is  the  specific  fuel 
consumption,  a  Is  the  angle-of-attack,  and  g  is  the  acceleration  of 
gravity.  The  lv>ad  factor  is  related  to  the  lift  1.  and  T  through 

n  .  i  t  |  sin  a  (3-6) 
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For  high  angles  of  attack  and  high  thrust  to  weight  ratios  the  second 
tent  on  the  right  can  be  significant.  The  drag  Is  dependent  upon  the 
speed,  altitude,  weight,  and  the  load  factor,  or  aerodynamic  angle  of 
attack . 

It  will  be  convenient  to  treat  the  altitude  as  the  independent 
variable.  Consequently,  time  becomes  a  dependent  variable.  The  first 
step  is  the  elimination  of  sin  Y«  From  Equations  3-1  and  3-4 


dV 

dh 
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V  sin  Y  W  W 


(  r,  -  -  ~  sln  Y  ) 


Solving  for  sin  Y  gives 


sin  Y  m  — 
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1  ♦  I  dV 
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The  transformations  of  Equations  3-3,  3-5,  and  3-4  become 
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Given  Che  speed  as  a  function  of  the  altitude,  tho  thrust,  and  the 
aerodynamic  drag,  it  is  straight  forward  as  far  as  determining  the 
numerical  solutions  for  the  distance,  fuel,  and  time  in  climb. 
Unfortunately,  the  problems  of  Interest  concern  the  derivation  of  the 
speed  schedule  for  optimising  distance,  fuel,  or  time  in  climb.  Thus, 
the  speed  schedule  is  unknown  a  priori.  There  are  two  ways  for  cir¬ 
cumventing  this  difficulty.  The  first  is  to  formulate  the  problem  as 
a  calculus  of  variations  problem  and  determine  the  optimal  climb 
schedule.  The  alternate  approach  la  to  make  assumptions  relative  to 
the  climb  schedule  and  go  Cron  there.  The  latter  will  be  the  approach 
token  here. 

The  first  assumption  is  that  the  change  in  speed  with  altitude  Is 
such  Liia L  acceleration  correction  satisfies 


g  dh 

If  the  climb  speed  is  constant,  then  this  relation  is  certainly  satis¬ 
fied.  On  the  other  hand,  if  the  speed  goes  from  800  feet  por  second 
at  sea  level  to  iOOC  feet  per  uecond  at  30,000  feet,  the  acceleration 
correction  Is  approximately  0.2,  Consequently,  in  some  problems  the 
correction  may  be  significant. 

If  the  acceleration  correction  Is  negligible,  then  it  follow*  that 


,  T-D 

8ln  Y  "  W  (3*7) 

n  -  cos  Y  (3-8) 

Recall  that  the  drag  is  dependent  upon  the  speed,  altitude,  weight, 
and  the  load  factor  or  angle-of-attack .  In  general,  an  iterative 
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approach  la  required  for  evaluating  the  performance  since  the  drag  is 


related  to  the  load  factor  which  Is  dependant  upon  the  flight  path 
angle  through  Equation  3-8  and  the  flight  path  angle  is  related  to  the 
drag  through  Equation  3-7. 

The  Iterative  approach  la  aa  follows.  For  a  given  throttle  set¬ 
ting,  the  thrust  Is  known  in  terms  of  the  speed  and  altitude.  First 
assume  that  the  flight  path  angle  is  approximately  zero.  Then  from 
Equation  3-8  the  load  factor  is  approximately  one.  For  a  given  alti¬ 
tude  and  speed  the  drag  is  computed  and  the  flight  path  angle  recom¬ 
puted  from  Equation  3-7.  A  new  load  factor  Is  recomputed  and  the 
process  repeated  until  the  change  in  y  i»  negligible.  When  this  occurs 
the  flight  path  angle  Is  computed  from  Equation  3-7  and  the  rate  of 
climb,  R/C,  la  determined  from  Equation  3-4 

R/C  •  h  •  V  slit  Y  •  -  0-9) 

V 

The  fuel  consumption  per  unit  altitude  change,  dW/dh,  is  determined 
from  Equations  3-4,  3-5,  and  3-7 


<1W 

dh 


SFC*T 
■  ■  ■ 

V  sin  Y 


SPC«  T«  W 
V(T-D) 


O-io) 


From  Equations  3-7,  3-V,  and  3-10  the  maximum  flight  path  angle, 
maximum  rate  of  climb,  and  minimum  fuel  consumption  per  unit  altitude 
increase  can  be  determined. 

The  flight  path  angle  for  a  given  throttle  setting  and  weight  is 
determined  from  data  like  that  in  Figure  3-1,  where  the  excess  thrust 
per  unit  weight  le  plotted  versus  speed  and  altitude. 


3-4 


The  max  1 mm  flight  path  angle  at  a  given  altitude  Is  determined  from 


T-D 

the  maxlmiBi  value  of  .  Consequently,  the  speed  Is  identified  as 

W 

a  function  of  altitude  for  the  steepest  climb  path. 

Maximum  rate  of  climb  Is  determined  from  excess  power  V(T-D)/W. 
Rate  of  climb  at  a  given  altitude  is  presented  in  Figure  3-2.  In 
addition  to  determining  maximum  rate  of  climb  at  a  specified  altitude, 
maximum  flight  path  angle  can  also  be  determined  from  Figure  3-2. 

A  line  through  the  origin  has  slope 

v 

But  this  is  sin  y»  therefore  the  tangent  through  the  origin  to  a  rate 
of  climb  curve  at  a  given  altitude  determines  the  maximum  flight  path 
angle.  Also,  Figure  3-2  provides  both  the  fastest  climb  and  the 
maximum  flight  path  angle. 

Fuel  consumption  per  unit  altitude  Increase  Is  presented  in 
Figure  3-3.  The  locus  of  points  through  the  minimum  values  of  Wf/(R/C) 
at  each  altitude  defines  the  climb  schedule  for  minimum  fuel. 


Approximate  Climb  Solutions 

Under  suitable  assumptions,  approximate  analytic  solutions  can  be 
derived  for  the  time,  fuel,  and  distance  covered  in  climb.  The  time, 
tc,  and  fuel  to  climb,  Wc,  between  altitudes  hQ  and  h^  are  obtained 
from  the  following  integrals 


tc 


hf 
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dh 
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Figure  3-2  Rate  of  Climb 
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wiicre  h  and  W  art  defined  by  Equations  3-4  and  3-5.  In  light  of 

Equations  3-1  and  3-2  the  solution  for  minimum  time  and  minimum  fuel  Is 

a  calculus  of  variations  problem.  If,  however,  assumptions  about  V  and 
* 

y  are  Introduced,  then  the  problems  reduce  to  ordinary  calculus 
problems.  The  first  assumption  Is  that  y  is  small,  hence  Equation  3-2 
gives 

n  ■  l 

If  the  speed  change  Is  negligible,  than  V  is  approximately  zero  and 
Equation  3-1  reduces  to 


tin  y  m 


T-n 


0-13) 


Thus  Equation  3-4  becomes 


h  -  J  (I’D) 


Equations  3-11  and  3-12  become 


(3-14) 


Cc  "  J 


hf 


V(T-D) 


dh 


,hf  W*SFC • T 
Wc  "  V^D)  dh 


(3-15) 


(3-16) 


If  no  other  constraints  hold,  then  minimi zation  of  tc  and  Wc  results  if 


2 _ -  o 
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0_  W-SFC-T  _ 
dV  V(T-D) 

Assuming  that  T  and  SFC  change  negligibly  with  speed  and  the  change  In 
the  weight  is  also  negligible,  then  the  necessary  condition  is 


2-  [V(T-D)]  .  0  (3-17) 

It  should  be  noted  that  even  though  the  necessary  condition  for  time 
and  fuel  to  climb  are  the  same,  the  two  solutions  for  the  optimal 
speed  may  be  different  if  different  throttle  settings  are  employed, 
from  an  optimal  throttle  control  standpoint  the  settings  would  be 
different.  For  the  problems  here,  the  throttle  control  is  assumed  to 
be  specified. 

Expansion  of  Equation  3-17  gives 

T  -  D  ♦  V  jjy  (T-0)  -  0 

For  a  parabolic  drag  polar  with  constant  aerodynamic  coefficients, 
this  becomes 
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The  solution  for  the  best  climb  speed  is  therefore 
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Substitution  of  the  best  climb  sp®®d  into  Equation®  3-15  and  3-16, 


after  rearranging,  gives 
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where 
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T.  ^ 

In-1  * 


^  /*.  A  A  \ 

- - 


(UD)^  tt/D) 


and  a  is  the  density  ratio.  The  horizontal  range  X  is  obtained  froo 
Equations  3-3,  3-4,  and  3-14 


X  -  /'  T#: 

hO 


■  In  V 


,  f  dh 
“  V  T  D 
ho  W  “  W 


hf  r2 

j  |- ah 


(3-23) 


The  solution  of  Equations  3-19,  3-20,  and  3-23  are  Halted  by 


h£  -  hmax 


where  is  the  altitude  where  the  thrust  and  drag  are  equal. 


6*  x  o  o 


3-10 


Substitution  of  equation  3-18  into  T  •  D  yialds 


I  (  i) 

W  D  max 


1 


(3-24) 


It  will  be  assumed  that  T/W  varies  according  to  the  density  ratio  in 
the  following  way 


W  *  (  $  )o  °y  (3-25) 

where  (T/W)Q  is  the  aea  level  thrust  to  weight  ratio.  The  exponent  y 
is  an  esipirlcal  constant  which  varies  between  0.8  and  1.0  in  the 
troposphere  and  is  approxlaately  1.0  above  the  tropopause.  Hereafter 
y  la  taken  to  be  one.  Substitution  of  Equation  3-25  into  Equation 
3-24  and  solving  for  o  gives 


a 


1 


<J> 

"  o 


(4 


) 

MAX 


(3-26) 


The  solution  of  Equation  3-26  identifies  the  maximum  altitude.  H,...,. 

MAX 

Numerical  Integration  is  required  to  determine  the  solutions  for 
tc,  Wc/wf  and  X.  Let  functions  X(l)  and  X(2)  be  defined  as  follows 


X(l>  -  (3p0)*  10'5  /Hf  db 

o  * 

X(2)  -  (3p0)%  IQ’4  /hf  I  •  dh 


The  powers  of  ten  are  Introduced  to  normalise  X(l)  and  X(2)  to  the 
order  of  one.  Clearly  X(l)  and  X(2)  are  functions  of  T/W.  (L/D)m/oc> 
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and  h.  The  solutions  for  tc  and  Wc/W  are  therefore 


t  .  X(1)I°5 

(W/C0  S)* 
o 

Wc  .  Xi2U0^  .  SFC 
w  (w/Cn  sy 

O 

The  solutions  for  X(l)  and  tc  are  presented  in  Figures  3-4  and  3-5. 

In  Figure  3-5,  the  time  to  climb  is  from  sea  level.  In  Figures  3-6 
and  3-7  are  presented  X(2)  and  Wc/W.  Figure  3-8  presents  the  distance 
covered  in  climb. 

From  Equations  3-18  and  3-21,  it  follows  that 


V  - 


where 


X<3)  -  -  - 

Op 

X(3)  and  the  best  climb  speed  are  presented  In  Figures  3-9  and  3-10. 

As  ait  example  consider  the  F4C  with  the  following  characteristics 
climbing  from  sea  level  to  30,000  feet. 


W 

S 


MAX  L/U 

T 

Ao 

SFC 


50,000  pounds 
530  square  feet 
0.0125 
11.56 

38,000  pounds  (maximum  power) 
2.45  pounds /hour/pound 
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Figure  3-9  Clitrfc  Speed  Variable 


The  approximate  solutions  are 


i 

I 

> 

t 

* 

ft 


'  v  ’■’■•'V'  ■  v .■  *  7 


uc  -  85  seconds 

Wc  m  1260  pounds 
X  •  17  nautical  miles 

The  F4C  performance  substantiation  data  gives  approximately 
tc  ■  72  seconds 

Wc  -  1290  pounds 

X  -  12  nautical  miles 

Thu  errors  are  18%  in  time  to  climb,  27.  in  fuel  to  climb,  and  42X  In 
the  range.  The  differences  in  the  time  and  range  are  significant. 

From  a  total  mission  standpoint,  however,  the  differences  will  bo 
small.  As  an  example,  for  an  F4C  combat  air  patrol  mission,  the  total 
mission  time  end  radius  are  1.39  hours  and  250  nautical  miles.  Based 
upon  these  numbers  the  errors  are  negligible. 

Acceleration  Correction 

The  approximate  climb  solutions  were  baaed  u[  >n  the  assumption 
♦ 

that  the  acceleration,  V,  was  zero.  Based  upon  the  beat  climb  spaed 
schedules  depicted  in  Figures  3*9  and  3*10.  this  assume t i on  rooulras 
further  examination.  From  Equations  3-1  and  3-4 


dV 

dh 


.  g.  (  I  _  D 
V  sin  Y  W  W 


sin  y  ) 


Solving  for  sin  Y  gives 


sin  y 


I  - 

W 

1  ♦ 


D 

V  _ 

V  dV 
g  dn 


(3-27) 
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3-28 


&226S 


a 


Equations  3-11,  3-12,  and  3-23  become,  upon  subatltut Ion  of  Equation  3-2/, 


t 


c 


(1,^)  dh 


Wc 

W 


I 


w 


SFC  • 


V  (  1 

w 


(U  1*1 

a  dh 


)  dh 


X 


(l  ♦  V  dV 

-  -&  dh 


)  dh 


The  solutions  reduce  to  the  previous  solutions  if 


riv 

dh 


0 


They  reduce  approx  lasts ly  to  the  previous  results  if 


V  dV 
g  dh 


«  1 


We  can  check  it  this  is  the  case  for  cii«  »pc»d  defined  in  Equation 
3-18.  If  we  assuae  an  exponential  atssosphare,  l.e.,  tne  density  varies 
exponential ly  with  altitJde,  then 

0  -  Og  e~pr'  13-28) 

where  j ^  and  p  ar _  coefficients  defind  as  follows 


Ataorfuheric  Laver 

,aR 

a  (Feet" 

1  ropotpliere 

1.0 

1/30500 

Stratosphere 

1.712 

1/20600 
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Substitution  of  Equation  3-28  into  Equation  3-18  and  differentiating 


gives 


a  w 

*  si — 

SC*>o 


0-29) 


To  2  2  _  3' 


2  (d}  „  800  \  <7")  0  ♦ 


Based  upon  the  max lmum  altitude  defined  by  Equation  3-26 


O  >  - 


r  •  <5>, 


V  d V  < 


(3-30) 


4  (sW 


The  error  is  largest  at  the  maximum)  altitude.  For  the  r'4C  date 
examined  earlier,  the  right  aide  of  relation  (3-3C)  yields 


4  (~)  gp_ 
0  MAX  ° 


-  0.  07 


V  d  V 

Xhc  iS'JS  fir  TOT  *=  <5  ^  n  nnr*  ^  —  T  1  »c  •  funrMnn  r»f 

g  dh  . . 

W/Cq  S  and  maximum  L/0.  If  max  lmum  L/D  is  greater  than  15,  then 
o 

the  error  la  less  than  O.i. 
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The  sensitivity  of  time  to  climb,  fuel  to  climb,  and  distance 
covered  In  climb  have  the  following  form 

d«/cD(s)  _  c  _  KWO),^ 

W  Su /r  O  J  ,Lv  m  11  1 

'  «/%-'  ‘IW  (VD)^ 

’s«/«)o  -ami 

where  £  is  the  change  In  a  performance  variable,  namely  dtc/tc, 

dWc/Wc,  or  dX/X.  Sw/CDqS,  S(L/D)maX*  S(T/W)0  *r®  the 

sensitivity  parameters.  These  parameters  are  defined  In  Table  3-1. 

Fuel  to  climb  is  directly  proportional  to  changes  in  SFC. 

The  sensitivity  parameters  tor  (L/w))^  and  (l/w)0  are  all 

negative.  Consequently,  an  Increase  in  either  or  both  results  In  a 

decrease  In  tc,  Wc,  and  X.  In  addition,  the  change  In  any  variable 

is  more  sensitive  to  changes  in  (T/W)Q  rathar  than  The 

biggest  Impact  In  a  change  In  (L/Q)j$aX  1e  tn  tl*®  maximum  altitude 

^MAX*  ^  Table  3-2,  the  sensitivity  parameters  ^(L/D),,^  and  ^(T/W) 

are  presented  for  selected  values  of  (1/C)^,  (T/irf)0,  and  the 

altitude.  The  data  show  that  as  the  product  (~)  (!)  increases, 

D  MAX  w  o 

the  sensitivity  parameters  increase  (decrease  in  absolute  magnitude). 
The  sensitivity  parameter  asymptotically  approaches  -1.5, 

-0.5,  and  -1.0  for  Increasing  values  of  (L/D)|^  (T/W)0.  s(L/0)y<AX 
asymptotically  approaches  sero. 


July  1V7£> 


3-32 


4S-2.2-6  9'* 


6  2  0  7 
8 


TABLE  3-1 


SENSITIVITY  PARAMETERS  FOR  CLIMB  PERFORMANCE 


Vai table 


sw/c0  S 


(L/D). 


X(l)  <»(I*/D>maX 


*<T/W)o 
T0/W  dX(l) 

x(i>  a <vw7 


<L/D)MAX  *X(2) 

X(2)  bCL/D)^ 


T0/W  dX(2) 
X(2)  d(T0/W) 


(L/D) 


max  TUToT 


X  /W  - - ~ — 

°  0(To/W) 


ftO  1  AA  fi 


TABLE  3-2 


SENSITIVITY  PARAMETERS 


Variable  -  S(T/W)o 


(L/D)max 

(T/W)0 

Altitude 

X 

5 

0.5 

25,000 

-4.37 

-2.96 

-4.12 

5 

1.0 

40,000 

-2.74 

-1.4C 

-2.41 

15 

0.5 

25,000 

-1.61 

-0.60 

-1.15 

15 

1.0 

40,000 

-1.57 

-0.55 

-1.09 

25 

0.5 

25,000 

-1.54 

-0.54 

-1.05 

25 

1.0 

40,000 

-1.52 

-0.52 

-1.03 

Vttl 

»  «  1  -  0 

1UULV  -  -» 

IL/D)^ 

(L/D)^ 

(T/W)c 

Altitude 

1c 

w 

X 

5 

0.5 

25,000 

-2.86 

-2.46 

-3.11 

5 

1.0 

40,000 

-1.24 

-0.90 

-1.41 

15 

0.5 

25,000 

-O.ll 

-0.10 

-0.15 

15 

1.0 

ao  non 

"  ~  1 - 

-0.0? 

-0.  05 

-0.09 

25 

0.5 

25,000 

-0.04 

-0.04 

-0.05 

25 

1.0 

40,000 

-0.02 

-0.02 

-0.03 
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Summary  of  the  Climb  Performance)  Problems 


Approximate  time,  fuel,  and  range  solutions  were  derived  for 
trajectories  where  the  acceleration  was  negligible.  Sensitivity 
analysis  demonstrated  that  changes  in  sea  level  thrust  to  weight  ratio 
resulted  in  bigger  changes  in  performance  relative  to  the  changes  in 
maximum  llft-to-drag  ratio. 
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SECTION  IV 


CRUISE  PERFORMANCE 

Problem  Definition  and  Assumptions 

In  general,  cruise  performance  is  characterised  by  flight  In  the 
vertical  plane  at  small  flight  path  angles  with  small  changes  in  the 
speed  and  altltuds.  Typical  cruise  performance  problems  Involve  the 
derivation  of  the  solutions  for  maximum  range,  maximum  endurance,  and 
level  flight  trajectories.  The  solution  to  these  problems  defines 
the  necessary  conditions  for  the  aerodynamic  and  engine  controls.  The 
definition  of  the  controls  provides  the  Information  for  integrating 
the  differential  equations  of  motion  and  kinematic  relations. 

Small  changes  In  the  speed  Imply  negligible  longitudinal  accelera¬ 
tion.  This  assumption  along  with  small  changes  In  the  flight  path 
anglu  results  In  the  thrust,  T,  equalling  the  drag,  D. 

I-  D  (4-1) 

The  thrust  Is  a  function  ot  the  Mach  number,  M,  altitude,  h,  and  engine 
throttle  setting,  N.  The  drag  Is  a  function  of  Mach  number,  altitude, 
and  aerodynamic  lift  coefficient  or  angle-of-attack.  For  the  problems 
to  be  addressed  here,  the  lift  coefficient  will  be  the  aerodynamic 
control.  The  time-rate-of-change  of  the  range,  X,  Is 

X  »  V  cos  Y 

which,  for  small  flight  path  angles,  may  be  approximated  by 

i  -  V  (4-2) 


4-1 
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The  time-rate-of-change  of  the  altitude,  h,  satisfies 


h  -  V  sin  V 

which  can  be  approximated  by 

h  -  VY  (4-3) 

The  assumption  of  small  flight  path  angles  Implies  negligible  normal 
acceleration.  Thus,  for  trajectories  In  the  vertical  plane,  the 
weight,  W,  and  aerodynamic  lift,  L,  are  equal  or 

L  -  y  (4-4) 

The  aerodynamic  lift  is  a  function  of  Mach  number,  altitude,  and  lift 

coefficient.  The  final  differential  equation  Is  the  t  luiv-  r— t  -  -  cf- 
change  of  the  weight, 


w 

-T  •  SFC 

(4-5) 

where  SFC  is  the 

lift  are  defined 

specific  fuel  consumption. 

by 

The  aerodynamic  drag  and 

0 

- 

h  psv2c0 

(4-6) 

L 

. 

*  psv2cL 

(4-7) 

where  Cu  is  the  aerodynamic  drag  coefficient,  p  is  Che  atmospheric 
density,  and  S  is  the  reference  area  for  the  aerodynamic  coefficients. 
Tho  aerodynamic  drag  coefficient  is  a  function  of  and  Mach  ni«ber,  M, 

Cu  -  fi(*,CL)  (4-8) 
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The  thrust  and  specific  fuel  consumption  are  functions  of  Mach  mother, 
altitude,  and  throttle  setting,  N, 

T  -  f  2  (M,h,N)  (4-9) 

SFC  -  f3(M,h,N)  (4-10) 

Equations  4-1  through  4-10  provide  the  relations  necessary  for 
detemlning  cruise  performance  subject  to  specified  trajectory 
characteristics,  such  as  best  cruise,  best  endurance,  or  constant 
nititude-constant  speed  trajectories. 

As  an  example,  if  altitude  and  weight  are  specified,  then  can 
be  determined  from  Equations  4-4  and  4-7  as  a  function  of  V,  h,  and  W. 
From  Equation  4-8.  Cj>  is  computed  as  a  function  of  V,  b,  and  W.  Next, 

0  Is  computed  from  Equation  4-6  as  a  function  of  V,  h,  and  W.  Equations 
4-1  and  4-9  establish  the  engine  control.  From  Equations  4-1C  and  4-5, 
SFC  and  U  are  computed  as  functions  of  V,  h,  and  W.  The  flight  path 
angle  can  be  determined  from  Equation  4-3  if  h  is  specified  as  a 
function  of  time. 

It  la  convenient  at  this  point  to  introduce  a  transformation 

whereby  the  weight  is  treated  as  the  Independent  variable.  Conse¬ 

quently,  the  time  becomes  s  dependent  variable.  Dividing  Equations 
4-2  and  4-3  by  Equation  4-5  gives 

dX  m  _V _ 

dW  *  T-SFC 

dh  VY 

dW  T-SFC 
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Substituting  Equation  4-1  yields 


i 

i 


\ 


r 


dX  m 

V 

dW 

D-SFC 

dh  _ 

VY 

dW 

D*SFC 

The  transformation  of  Equation  4-5  is 


dt  1 

dW  T*SFC 


which  becomes  upon  substitution  of  Equation  4-1 


(4-11) 


(4-12) 


dt  _ I_ 

dW  D-SFC 


(4-13) 


Equations  4-11  through  4-13,  4-4,  and  4-6  through  4-10  constitute  the 
f ormulatlon  of  the  cruise  performance  problem.  We  now  turn  our 
attention  to  four  specific  problems,  namely  best  cru'se  performance, 
best  endurance,  constant  speed,  and  constant  altitude  trajectories. 

The  constant  altitude-constant  speed  case  is  representative  of  a  low 
altitude  bomber  penetration.  The  constant  speed  trajectory  is  repre¬ 
sentative  of  a  supersonic  cruise  like  the  B70  or  Supersonic  Transport, 
fhe  constant  altitude  case  is  representative  of  the  control  maintained 
by  the  federal  Avlacion  Agency  during  peacetime  operations.  Each  of 
these  examples  will  be  studied  In  detail  and  appropriate  approximations 
introduced  whenever  possible  In  order  to  achieve  analytical  results. 
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Base  Cruise  Performance 


In  general,  the  goal  for  this  problem  Is  to  determine  the  speed, 
altitude,  and  the  aerodynamic  and  engine  control  for  maximum  range 
covered  for  given  fuel  available  for  cruise.  Thus,  the  weight  is  the 
appropriate  Independent  variable.  If  Equation  4-11  Is  maximized  at 
each  point  on  the  trajectory,  then  the  integration  of  Equation  4-11 
yields  the  maximum  range.  The  resulting  trajectory  is  valid  if  the 
aerodynamic  and  engine  controls  cart  be  realized  along  the  trajectory. 

Rewriting  Equation  4-11  and  substituting  Equation  4-4  gives 

<£  -  -  liL^D l  .  1  (4-14) 

dW  SFC  w 

The  range  factor,  Eg,  is  defined  as 

-  Sflgii  <*■«) 


Maximum  range,  therefore,  corresponds  to  maximum  range  factor.  T3re 
general  technique  for  solving  the  maximum  range  factor  Is  as  follows. 
For  a  givan  weight  arid  altitude,  Cj^  as  a  function  of  V,  h.  and  U  is 
determined  from  Equations  4-4  and  4-7.  Cp  as  a  function  of  Y,  h,  and 
W  is  determine-  from  Equation  4-8.  This  gives  L/D  since  according  to 
Equations  4-6  and  4-7 


L 

D 


£l 

Cd 


(4-16) 
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For  fixed  V  end  W,  L/u  versus  h  looks  like  that  in  Figure  4-2. 
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Figure  4-1  L/D  Versus  V 


Figure  4-2  L/D  Versus  h 
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For  a  given  speed  and  weight,  L/D  Increases  with  increasing  altitude 
until  the  altitude  for  maximum  L/D  is  reached.  At  higher  altitudes 
than  this  altitude,  L/D  then  continuously  decreases. 

Since  Cp  has  been  determined,  then  D  is  determined  from  Equation 
4-6  which  identifies  T  from  Equation  4-1.  From  Equation  4-9  H  is 
determined  and  SFC  is  then  obtained  from  Equation  4-10.  SFC  versus  V 
for  fixed  W  and  h  is  presented  in  Figure  4-3.  The  combination  of 
Figures  4-1  and  4-3  along  with  the  definition  of  the  range  factor  as 
defined  by  Equation  4-15  gives  Rp  as  a  function  of  V,  h,  and  W  as 
demonstrated  in  Figure  4-4.  From  data  like  that  in  Figure  4-4,  best 
cruise  speed,  best  cruise  altitude,  and  Rp  ore  determined  for  the 
given  weight  W.  If  the  process  is  repeated  for  different  weights, 
then  Rp  as  a  function  of  W  looks  like  that  In  Figure  4-5,  In  Figure 
4-5,  W|  and  are  the  Initial  and  final  weights  during  cruise. 
Consequently,  the  cruise  range  as  a  function  of  and  tfp  is  determined 
from  Figure  4-5  and  Equation  4-14 


<4-17 ) 


if  Rp  is  approximately  constant,  then  Equation  4-17  reduces  to 


X 


V(L/D) 

SFC 


R 


F 


(4-18) 
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Th«  ii oreaent toned  technique  is  clearly  a  numerical  approach  to 


solving  the  best  cruise  performance.  An  analytical  solution  is 
desirable  if  it  can  be  determined  and  if  it  is  sufficiently  accurate. 
For  certain  assumptions  an  analytical  solution  can  be  determined.  The 
assumptions  which  result  In  an  analytical  solution  are  as  follows! 

1  •  “  C°MIN  +  *  Cl'^2  (4-19) 

This  assumption  corresponds  to  a  parabolic  drag  polar  shifted  by 
C^'  ,  the  CL  for  nluloum  drag  coefficient  (Cj^j^.).  A  parabolic  polar 
la  a  fairly  good  approximation  over  a  limited  range  of  values  for 
most  drag  polare.  The  coefficients  and  K  are  Mach  number 
dependent. 

2.  SFC  t  f(M)  (6-20) 

This  approximation  assumes  that  the  SFC  is  independent  of 
altitude.  Furthermore,  It  Is  assumed  that  the  value  of  SFC  is  the 
minimum  value.  Die  rationale  for  this  assumption  is  that  if  the  air¬ 
craft  aerodynamics  and  engine  are  properly  matched,  then  the  throttle 
setting  for  cruise  should  be  in  the  neighborhood  of  minimum  SFC. 

Also,  from  Equation  4-16,  minimum  SFC  is  desired  for  best  cruise. 

If  this  assumption  holds,  then  the  engine  throttle  setting,  N,  is  a 
variable  which  does  not  need  to  be  determined. 

The  analytical  approach  will  be  to  determine  the  cruise  speed 
and  altitude  which  maximizes  range  factor  for  a  given  weight.  Hence 
the  optimal  solution  Is  the  solution  of 


MAX 

h,V 


V 

D*  SFC 


(4-21) 
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In  light  of  the  assumption  that  the  aerodynamic  coefficients  and  SFC 
are  functions  of  Mach  nmber  only,  we  will  treat  the  Mach  number  and 
the  density  ratio  as  the  Independent  variables.  The  Mach  number,  M, 
is  defined  by 

M  •  —  (4-22) 

a 

where  a  is  the  speed  of  sound.  The  speed  of  sound  is  related  to 
absolute  temperature,  T,  in  the  following  way 


-  C/T 


(4-23) 


where  C  Is  a  constant  proportionality  factor.  From  the  gas  equation. 


P*  p  9  T  ztc  rslstsd  by 


F  -  pRT 


(4-24) 


where  R  is  the  gas  constant.  From  Figure  4-6,  P  can  be  approximately 
related  to  p  according  to 


p 

po 


B  o' 


-A 


(4-25) 


where  subscript  o  implies  sea  level  values  and  a  •  p/po  is  the  density 
ratio.  For  a  standard  day,  from  Figure  4-6,  A  and  B  are  as  follows 


ATMOSPHERIC  LAYER  A  B 

Troposphere  1.235  1.0 

Stratosphere  1.0  0.752 
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Figure  4-6  Pressure  Ratio  Versus  Density  Ratio  for  a 
Standard  Day 
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Substitution  of  Equations  4-24  And  4-25  into  Equation  4-23  gives 


C2PqB 

& 


a* 


The  dynamic  pressure,  q,  is  defined  as 


q 


Substituting  Equations  4-22  and  4-26  gives 


q  -  i  pi*2*2 

-  i*£mV 

2  K 

.  1  %  w?v*A 

—  V  l\M  V 


(4-26) 


(4-27) 


where  X  li  a  constant  defined  as 

X  -  ^  C2roB  -  aQ2  p0  B  (4-28) 

The  equation  for  the  drag  can  now  be  formulated  as  a  function  of  M  and 
C.  Substituting  Equations  4-19.  4-4.  and  4-7  into  Equation  4-6  g  vea 


D  ■>  qS  Cq 

-  i  XM2  o*  s  [CDhin  *  1C  (  -  ct-)2]  M.) 


We  cen  now  determine  the  optimal  cruise  Kach  number  and  density  ratio 
ter  maximising  the  range  lmcuh. 
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The  necessary  conditions  for  atxlnum  range  factor  are 


d_ 

do 


Ha 

DSFC 


0 


(4-30) 


£.  (  _-*g_  )  .  0  (4-31) 

dM  DSFC 


Substituting  Equation  4-26  Into  4-30  gives 


do 


M2 


^(A-l) 

DSFC 


0 


Expanding  this  equation  yields 


1 

2 


<A-1)  i 
O 


lau 

D  do 


0 


(4-32) 


Fro«  Equation  4-29 


1  dD  A  2AK  ,  2W  x  ,  2W  „  »x 

5  5?  '  ?  •  ca  <  1  (  ufoH  Cl  ’ 


(4-33) 


Substitution  Into  Equation  4-32  gives 


A+l 

2 


CD  -  2AK  ( 


2W 


)  ( 


2U 


-  CL*> 


0 


Substituting  Cq  and 


‘  c“mih  ’ 


gives 


2 

(Ael)C n  02A  ♦  K  [(1-3A)  (  -i&-  )  ♦  2(A-1)  (  )  CL'oA]  -  0 

°  AfTS  AM'S 

65079 
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This  equation  can  be  solvsd  for  a  a*  a  function  of  M;  the  result 


u*m>r  SCD, 


Rewriting  gives 


[-(A-l)KC^  ♦  J  (A-l )2I^Cl2  ♦  (A+1)(3A-1)KCDo  ]  j 


(4-34) 


~r  -  ±  (A+DX^SCo  t  [-(A-l)KC^  ♦  J  (A-1)2K2C^  ♦  (Ael) (3A-1)KCD  ] 


0A  2 


Substituting  Equations  4-25  and  4-28  gives 


£  -  |(Ael)poao2M2SC0o^[-(A-l)KCL  ♦  J  (A-1)2K2Cl2  ♦  (A+l)  OA-DKC^] 


where  6  1«  the  atmospheric  preaaure  ratio  P/PQ.  Consequently*  V/6  la 
constant  if  K,  CL,  M,  and  CD°  are  constant. 

Substituting  Equation  4-34  Into  Equation  4-29  and  expanding  gives 


/ .  •  \  .-2  m  1 2  / . . « \  ••z'  »»n  i  r  / «  e  \  2„2„t2  . 

i\n»  "1 

Q  ^  e  VAVl^*kUQ0-  VA-l/  A  ▼  VrtT./v-n-z/^UgJ 

“  Atl  -(A-1)KC£  ♦  [(A-l)2*2^2  ♦  (A+l)(3A-l)KCDo]^ 


The  reciprocal  is  the  cruise  lift  to  drag  ratio 
A*1  -(A-1)KCL'  ♦  [(A-dVcl2  ♦  (A*1)(3A-1)KCd t  ]’ 


**  (A-l)K2Cj,2  ♦  (A*1)KC0(>  -  KCl’[(A-1)2K2Cl2  ♦  (Ael)(3A-i)KCDo] 

(4-33; 
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1c  Is  easily  shown  that  Che  naxlmun  L/U  for  Equation  4*19  is 


(i)  -  - - - -  (4-36) 

D  ***  2(V  KCDo  -  KC£) 

There  are  two  special  cases  of  interest  for  Equation  4-35.  The  first 
is  A  ■  1;  substitution  gives 


i  .  i  2 _ 

D  2  2KCDo  .  2KCj,  V  *Cd0 

_ 1 _ 

2(  J  KCDo  -  KCl') 

This  is  Identical  to  Equation  4-36,  thus  cruise  it  at  ssaxisua  L/C  in 
the  stratosphere.  If  c£  ■  0,  Equation  4-35  reduces  to 

L  /+1  J  (A*l)(3A-l)KCo0 

®  'UA  (A*1)KCDo 

JL  I  U+1H3A-D 

"  44  J  KCDo 
Substituting  Equation  4-36  gives 


L 

D 


(£> 

D  MxX 


~  V  (M1X3A-1) 


(4-37: 
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If  f 


1.235 


L 

D 


,  Equation  4-37  becomes 


-  0.996  (^) 

D  MAX 


If  -  0,  than  cruise  In  the  troposphere  is  approximately  at  maximum 
L/D.  If  is  not  zero,  the  conclusion  is  still  the  same.  Substitu¬ 
tion  of  the  aerodynamics  into  Equation  4-35  and  A  -  1,235  shows  that 
the  cruise  L/D  is  within  one  percent  of  maximum  L/D  at  least  for 
systems  like  the  F4C  and  K.C135. 

Beet  cruise  Mach  number,  M*,  is  determined  from  optimization  of 
the  range  factor 

Rgr  -  Hizja 
m 


m  ^(L/P)MAX 
SFC 


The  necessary  condition  is  therefore 


P(M)  -  £  * 


_  1 

o7d) 


d(L/D)^^ 


MAX 


dM 


1  dSFC 
SFC  dM 


Vh*jo; 


The  range  factor  becomes 


rF 


V (L/D) 
SFC 


(4-39) 


^  if  - . .  _  i- . 

#0D*nvwu;^ 

SFC 


in  the  stratosphere  (*»l,B-0.752) 
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(1.689) 


A(p0) 


2A 


Substitution  Into  Equation  4-17  and  Intagrating  glvas  opt  lota  1  cruise 
range 


Note  that  in  the  stratosphere  Sy  is  constant  whereas  it  varies  with  W 
in  the  troposphere.  Consequently  for  the  latter  case  in  Figure 
4-9  is  the  initial  value  of  the  range  factor. 

The  approach  for  determining  best  cruise  performance  via  the 
approximate  analytical  approach  is  as  follows! 

1.  Fit  parabolic  polar  to  aerodynamic  data  according  to 
Equation  4-19.  Expansion  gives 

cD  -  cDq  -  2kcJcl  ♦  kcL2 

One  way  of  determining  the  coefficients  Cy  ,  K,  and  Cr  is  to  select  a 
given  number  of  data  points  Cp  and  Cl  and  then  minimise  the  sum  of  the 
differences  between  the  theoretical  and  experimental  values. 
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Assume  N  values  of  Cl  are  selected,  ClO).  Then  C0q,  K,  and  Cl  are 

determined  from  the  simultaneous  solution  of  the  following  equations 

N  H  H  „  N 

CD  £  1~2KCl  2  CL{1)  ♦  K  £  CL  (i)  -  £  CD  (1) 

°  L-l  L-l  L-l  L-l  w 

N  N  2  h  -  N 

cD  £  CL(1)  -  2KCl  2  cL  (1)  ♦  K  £  Cl  (i)  «  £  Cjv  (OcL(i) 

°  Ui  L-l  LI  L-l 

h  2  ,  N  N  N 

CD  £  Ct  (t)  -  2KCl  £  Cl  (1)  ♦  K  £  CL4(t)  -  £  C*  (DC^  (1) 

L-l  L-l  L-l  Is-1  ^ 

Maxlmun  L/D  is  then  determined  as  a  function  of  Mach  number  from 
Equation  4-36, 

2.  From  engine  uerf wn»eu..ce  determine  slnlsuR  SPC  •"  s.  function 
of  Mach  number. 

3.  Substitute  maximum  L/D,  SPC,  and  M  into  Equation  4-38.  The 
alternative  is  to  compute  and  plot  Rp  as  a  function  of  Mtech  number. 

4.  Substitute  M*  and  the  corresponding  values  for  Cq0,  K,  and 
Cl  Into  Equation  4-34  and  solve  for  O  as  a  function  of  W, 

5.  From  atmospheric  tables  determine  best  cruise  altitude  as  a 
function  of  the  weight. 

6.  Dctsrminr  the  cruise  range  from  Equation  4-40. 

For  maximum  range,  the  cruise  altitude,  range  factor,  and  cruise  range 
can  easily  be  obtained  from  Figures  4-7  through  4-9  once  M*  is 
determined. 

As  an  example,  imagine  that  a  certain  aircraft  yields  M*  *•  0.8  ar 
the  solution  to  Equation  4-37.  The  parabolic  fit  to  the  drag  polar 
gives  for  M  -  0.8,  »  0,015,  -  0,  and  K  -  0.107.  The  wing 

loading  is  W/°  -  60  pounds  per  square  toot.  The  specific  fuel 
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Best 


4*8  Best  Cruise  Range  Factor 


consuiaption  is  SFC  -  1.2  pounds  per  hour  per  pound  and  W^/Wf  ■>  1,5. 
These  data  than  lead  to  (WD)j^  -  12.5  and  W/Cq^S  -  4.000.  From  Figure 
4-7,  M*  »  0.8,  (L/D)j^  •  12.5,  and  W/Cj)oS  -  4000  gives  approximately 
42,000  feet  for  the  best  cruise  altitude.  In  the  stratosphere  M*  »  0.8 
gives  V  •  460  knots.  From  Figure  4-8,  V  -  460  knots,  (L/D)max  *  12.5, 
and  SFC  -  1.2  gives  Rp  -  4800  nautical  miles.  From  Figure  4-9,  the 
cruise  range  is  X  •  1940  nautical  mile3. 

We  next  turn  our  attention  to  the  sensitivity  of  the  cruise  alti¬ 
tude  and  range  factor  to  changes  in  the  aerodynamic  and  engine  per¬ 
formance  characteristics. 

Best  Cruise  Performance  Sensitivity  Analysis 

Rewriting  Equation  4-34  in  logarithmic  form  and  then  forming  the 
total  differential  gives  approximately 


X  _  X  <*  -  X  ♦  1  ilW/Sl  .  2  S& 

a  2a  K  2a  CD  A  w/s  A  M 

o 


(4-41) 


How  o  is  related  approximately  to  the  altitude  in  the  following  may 


a  •  0£  e 


•fih 


(4-42) 


where  Og  and  ^  are  defined  as  follows l 


ATMOSPHERIC  LAYER 

OR 

0  (Feet”*) 

Troposphere 

l.o 

1/30500 

Stratosphere 

1.712 

1/20600 

Differentiating  Equation  4-42  and  combining  with  Equation  4-41  gives 


dh  »  -  A  St 

3  o 


„  dX  „  dCDo  .  „  d(W/S)  .  „  dM  ,,  ..x 

'  ScD0  4  SW/S  S  *  SM  -h  (*“43) 
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where  Sg,  Sr.  ,  and  are  sensitivity  parameters.  Note  that  an 
uo 

Increase  In  K  gives  a  decrease  In  h  whereas  an  increase  in  Cqq  gives 
an  increase  In  h.  Hie  solution  for  at  max  L/D  is 


K 


Also,  from  L  «  W 


cl  - 


^)SV^ 


Assume  U  and  V  are  constant.  Then  an  increase  in  Cqq  gives  an 
increase  in  C^,  which  requires  a  decrease  in  p,  which  results  in  an 
increase  in  k.  An  increase  in  K  gives  a  decrease  in  C^,  which  re¬ 
quires  on  increase  in  p,  corresponds  to  a  decrease  in  h. 

Expanding  Equation  4-39  in  logarithmic  form  and  differentiating 
gives  approximately 


dRr  _  dH  dsFc  <KL/p)max 
Rf  M  SFC  (L/D)^ 


-  SM  —  +  sSFC 


dsrc  +  s 

SFC  CD„  Cn. 


(4-44) 


Equations  4-43  and  4-44  form  the  basis  for  the  sensitivity  analysis. 

lhere  are  at  least  two  ways  to  examine  the  sensitivity  equations. 
The  first  is  to  vary  one  parameter  at  a  time  while  holding  all  other 
parameters  constant.  This  Is  like  a  design  change.  The  other  way  is 
to  vary  the  parameters  simultaneously  like  CQ  ,  K,  c! ,  and  SFC  as 

wO  L 

functions  of  H.  This  could  represent  an  operational  change. 
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Table  4-1  presents  the  "sensitivity  parameters  to  one  parameter" 


When  CDo,  K,  and  SFC  are  functions  of  M,  Equation  4-43  becomes 


1  K.  dM  CDfl  dM  M  ;  M  A@  W/S 


.  s  dM  l^W/Sl 

"  SM  M  4  SW/S  W/s 


(4-45) 


Equation  4-44  becomes 

.  <JM  .  JL  ^CdH  +  -4 _ .»WfflMAX.dM 

Rp  M  SFC  SM  (L/  SM 


.  fl  „  _tLiSFC  M _ 

L  SFC  3M  (L/D)ma» 


S(UD)> 


(4-46) 


c  un 

sm“m 


The  atultiplier  for  dM/M  in  the  latter  equation  is  a  factor  in 
Equation  4-38.  Thus,  when  Equation  4-38  is  satisfied,  SM  ■  0  in 
dRp/Rp.  Table  4-2  contains  the  sensitivity  paraaeters. 


TABLE  4-2 


>ENSIXIVITY  TO  MACH  NUMBER  VARIATIONS 


sw/s 


2Ag  V 


1/  Nki  T 


K  dM  Cn  3M 
o 


♦  4  ) 


.  JL 

A0 


i  -  m  [  -A—  £§££ 

L  SFC 


vi  I  8j 


_ ^ _  0  (L/D)MAX 

(L/dJmxx  3M 
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in  Equation  4-46  is  Illustrated  in  Figure  4-10.  In  Figure  4-10 
when  M  ■  M*,  -  0.  Below  M*,  dM  <  0  and  >  0,  thus  cSRp  <  0, 

Above  M*,  dM  >  0  and  Sj^  <  0,  thus  dRp  <  0.  Consequently,  Rp  decreases 
as  the  Mach  nuraoer  moves  away  from  K*. 


We  next  turn  our  attention  to  an  application  of  the  analytical 


results  derived  thus  far 
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Application  of  th«  Analytical  Optimal  Cruise  Solution 


The  aircraft  which  will  be  considered  la  the  F4C.  Two  configure-* 
tlons  will  be  considered.  The  first  configuration  carries  external 
stores  and  the  second  configuration  is  clean.  These  configurations 
are  representative  of  an  outbound  and  return  leg  of  a  military  mission. 

The  first  step  Is  to  fit  parabolic  polars  to  the  aerodynamic  data. 
This  Is  Illustrated  in  Figure  4-11  for  M-  0.8.  This  should  be  done 
for  all  Mach  numbers  of  Interest.  In  Figure  4-11,  the  higher  drag 
configuration  Is  the  stores  configuration.  The  theoretical  polara  were 
derived  from  the  minimisation  of  the  sum  of  the  errors  between  the 
experimental  data  and  a  theoretical  parabolic  fora.  For  this  example 
C^'  was  not  aero,  consequently  and  Cq^  were  not  tha  sane. 

SFC  versus  fraction  of  military  thrust  Is  presented  in  Figure 
4-12  for  three  different  Mach  mashers  and  altitudes.  As  can  be 
observed  from  these  data,  SFC  is  relatively  Insensitive  to  altitude 
changes,  hence  the  assissptlon  that  SFC  is  a  function  of  Mach  maaber 
alone  Is  satisfactory. 

For  this  example,  maximum  R?  is  solved  for  best  cruise  Mach 
number.  The  results  of  the  best  cruise  performance  are  sumnarired 
In  Table  4-3.  The  outbound  cruise  lag  corresponds  to  the  stores 
configuration.  The  return  leg  corresponds  to  the  clean  configuration. 
Two  assumptions  were  examined,  namely  A  ••  1  which  is  representative  of 
a  stratospheric  atmosphere  and  A  -  1.233  which  corresponds  to  a 
tropospheric  atmosphere. 
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TABLE  4-3 


COMPARISON  OF  THE  ANALYTICAL  AND  P4C  CRUISE  PERFORMANCE 
4L&  Estimated  Generalised  E j 


Wj  (pounds) 

4777V 

47779 

0 

Wc  (pounds) 

46878 

46878 

0 

K4  -  Mf 

0.85 

0.86 

1.2 

hj  (.A  ••  1.235)  (feet) 

31000 

31300 

1.0 

hj  (A  •  1.0)  (feet) 

31900 

31300 

1.9 

hf  (A  -  1.235)  (feet) 

31400 

31600 

0.6 

hf  (A  1.0)  (feet) 

32400 

31600 

2.5 

Average  V/TSFC  (n. miles /pound) 

0.0792 

0.0810 

2.2 

v  (nautical  miles) 

Return  Cruise  Lex 

71 

73 

2.7 

Wj  (pounds) 

37406 

37406 

0 

Wf  (pounds) 

33888 

33888 

0 

Mt  -  Mf 

0.85 

0.87 

2.3 

h«  (A  «  1.235)  (feet) 

34500 

36600 

5.7 

hj  (A  -  1.0)  (feet) 

36200 

36600 

1.1 

hf  (A  m  1.235)  (feet) 

36500 

38800 

5.9 

hf  (A  -  1.0)  (feet) 

38200 

38800 

1.6 

Average  V/TSFC  (n.nlles/pound) 

0.1131 

0.1131 

0 

X  (nautical  miles) 

398 

398 

0 

4 
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For  the  outbound  la#  the  cruise  was  In  the  troposphere.  The 
solution  for  best  cruise  altitude  was  in  host  agreement  with  the 
generalised  data  tor  A  ■  1.235  which  corresponds  to  the  troposphere. 
Best  cruise  Mach  number  was  determined  from  the  max Ini  ration  of 
M(L/D)max«  The  errors  In  cruise  range  and  specific  range  factor 
V/Wf  were  less  three  percent. 

For  the  return  leg  the  beginning  of  the  cruise  was  in  the 
troposphere  and  the  end  was  In  the  stratosphere.  Tho  stratospheric 
atmosphere  gave  the  best  results  for  best  cruise  altitude.  The 
errors  in  cruise  range  and  specific  range  factor  were  negligible. 

The  sensitivity  parameter  SM  in  the  <lRp  equation  is  presented 
in  Figure  4*13  for  the  clean  configuration  and  A  -  1.0.  Ihe  sensi¬ 
tivity  parameter  is  nearly  linear  with  Mach  number.  The  range  factor 
variation  with  respect  to  Mach  number  is  nonlinear,  however.  For 
example,  a  IX  change  in  Mach  number  gives  a  -0. 12X  decrease  in  Rp. 

A  5%  change  in  M  results  in  approximately  a  3%  decrease  in  Rp, 

The  next  problem  to  be  addressed  is  the  determination  of  the 
best  altitude  end  speed  for  maximum  endurance. 

Best  Endurance  Performance 

The  difference  between  this  problem  and  the  previous  one  is  that 
Equation  4-13  rather  than  Equation  4-11  is  to  be  optimised.  Examina¬ 
tion  of  Equations  4-1  and  4-13  shows  that  maximisation  of  endurance 
time  corresponds  to  minimisation  of  fuel  flow  race.  The  graphical 


4-32 


J5  2  1  00  8 


July  1976 


62079 


Figure  4-13  F4G  Rang*  Factor  Sensitivity 
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method  for  determining  bast  endurance  is  straightforward.  For  a 
selected  weight,  both  altitude  and  speed  are  varied  until  the  minimum 
fuel  flow  condition  is  met.  This  approach  Is  Illustrated  in  Figure 
4-14. 


For  each  altitude  there  is  a  speod  which  yields  minimum  fuel  flow 
rate.  The  plot  of  minimum  Wp  and  the  corresponding  best  cruise  speed 
for  each  altitude  then  identifies  best  cruise  speed  and  altitude  for 
maximum  endurance  and  the  minimum  fuel  flow  rate.  This  situation  Is 
presented  in  Figure  4-15. 
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In  Figure  4-15,  h*  end  M*  ere  the  cruise  altitude  and  Mach  number 
for  maximum  endurance.  For  each  weight,  minimum  Up  is  therefore 
easily  determined,  the  result  being  like  that  in  Figure  4-16. 

The  best  endurance  solution  is  obtained  by  integration  of  the 
reciprocal  of  the  TSFC,  that  is 


Under  certain  assumptions  an  approximate  semi-analytic  solution 
can  be  determined  for  the  best  endurance  trajectory.  Wo  now  turn  our 
attention  to  thi6  problem. 

An  Approximate  Solution  to  the  Maximum  Endurance  Problem 

Three  assumptions  are  introduced,  one  ci  which  is  the  earn*  <•» 
the  previous  problem.  The  assumptions  are  as  follows. 

1.  The  aerodyv  *.<;i k  drag  polar  can  be  approximated  by  a  para¬ 
bolic  polar,  1 . e. , 

Vq  -  CUq  ♦  k%2 

2.  The  relationship  between  Up  and  thrust  Ik  linear.  (Tills 
does  not  Imply  that  SFC  Is  constant.)  Thua 

Wp  »  a!  f  b 

where  a  and  b  are  constants.  Since  thrust  and  drag  are  equal, 
minimum  TSFC  corresponds  to  minimum  drag. 
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3,  The  aerodynamic  coefficients  Cqo  and  K  are  constant.  The 
justification  for  this  Is  that  analyses  of  maximum  endurance  for 
existing  aircraft  have  occurred  at  speeds  where  the  aerodynamic 
coefficients  were  constant. 

In  light  of  these  assumptions,  maxi mum  endurance  corresponds  to 
minimum  drag  and  consequently  max  L/D.  Since  lift  and  weight  are 
equal,  the  speed  and  altitude  are  these  values  which  minimise  the  drag. 
Since 

d  -  i  psv2cD  ♦ 

2  ^  L°  pSV2 

minimization  with  respect  to  V  gives  the  necessary  condition 

..-2 

OSVCn  -  •  0  (4-47) 

°  psv3 

Minimization  with  respect  to  the  density  gives 


1 

2 


Sir  C  r 


0 


(4-48) 


Equations  4-47  and  4-48  are  not  independent,  hence  a  dilemma  results; 
two  unknowns  and  one  independent  equation  exist. 

The  best  that  can  be  done  under  these  circumstance*  1*.  to  let 
either  altitude  or  speed  bo  an  independent  variable  ami  the  other  be 
a  dependent  variable.  Let  h  or  p  oe  the  independent  variable  and  V 
the  dependent  variable.  From  either  Equation  4-47  or  4-48,  best 
cruise  speed  V*  is 


V* 


< 


4v>2K 
PZS2C Do 


k 

) 


(4-49) 
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Clearly  V*  Increases  with  Increasing  altitude.  For  a  given  weight, 
liquation  4-49  defines  the  relation  between  V*  and  altitude.  The 
final  step  is  to  substitute  h  and  V*  into  the  actual  engine  per¬ 
formance  and  calculate  ISFC.  The  optimise  altitude,  h*,  Vs  that  alti> 
cude  which  minimizes  ISFC.  This  then  identifies  the  altitude  and 
speed  for  maximum  endurance. 

Substitution  of  Equation  4-49  into  the  drag  relation  gives 


D  -  2W 


Thus,  in  light  of  the  second  assumption 


2a  ♦  b 


14-50) 


This  equation  is  analytically  lntegrable,  thus  the  endurance, t,  is 


l  In  2aWlV^Q^  »  b 
2aJv.Cu0  2aWfVKCQo  ♦  b 


(4-51) 


Equation  4-51  then  defines  the  approximate  semi -analytical  solution 
for  maximum  endurance.  We  next  turn  our  attention  to  the  sensitivity 
parameters  relative  to  endurance. 
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Sensitivity  Parameters  for  the  Endurance  Problem 


In  light  of  Equation  4-50,  the  only  parameters  which  can  change 
the  endurance  time  are  K  and  Cqo  since  W  Is  the  Independent  variable. 
Endurance  is  sensitive  to  changes  in  the  fuel  flow  rate,  Wp. 
Differentiating 

VF  -  2aW  VKCOo  ♦  b 

g  Ives 


«F 


The  sensitivity  parameters  are  therefore 


2aW  ♦  b 


dK 

(  ~ TT  ♦ 


dCr 


CD, 


o  dK  Q 

S*  F  *  ScD, 


d  Cr 


sK 


2aV»  <^Cj}0  ♦  b 


(4-52) 


Application  of  the  Maximum  Endurance  Solution 

Again  the  F4C  will  be  studied.  Only  the  clean  configuration  will 
be  considered  this  time.  The  relation  between  Wf/2  and  Pjj/2  (the 
McDonnell  data  Is  for  single  engine  performance)  is  presented  In 
Figure  4-17.  Fj*  is  the  net  Installed  thrust,  and  Wf  16  the  fuel  flow 
rate.  The  upper  and  lower  bounds  represent  the  difference  In  the  data 
at  Mach  numbers  of  0.6  and  0.7  and  altitudes  of  25,000,  30,000  arvd 
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35,000  feet.  The  linear  fit  through  the  average  values  gives 
WF  -  473.4  *  0.983Fn 

Below  M  -  0.7  the  aerodynamic  coefficients  are  constant.  Assisee 
W  -  30,000  pounds.  The  solution  of  Equation  4-49  is  presented  in 
Figure  4-18.  The  agreement  with  the  MAC  data  was  very  good  -  the 
biggest  error  was  2.6%  at  sea  level.  Given  the  speed  and  altitude, 
as  in  Figure  4-18,  then  the  drag  can  be  computed  as  a  function  of 
altitude.  Using  the  MAC  engine  performance  then  determines  Wf,  which 
is  presented  in  Figure  4-19.  The  altitude  for  maximum  endurance  at 
W  m  30,000  pounds  Is  approximately  30,000  feet.  The  MAC  result  was 
32,800  feet,  which  represents  an  8.5%  error. 

The  sensitivity  parameters  for  W  -  30,000  pounds  are 

SK  ■  **Cqq  *  °»^28 

Consequently,  a  1%  change  in  either  C$o  or  K  results  In  a  0.428% 
change  in  Wf. 

The  next  problem  to  be  studied  is  the  conscant-aicitude  trajectory. 

Constant  Altitude  Cruise  Trajectory 

The  objective  here  is  the  evaluation  of  the  best  cruise  speed 
and  the  penalties  assoc. ated  with  cruising  at  speeds  other  than  the 
speed  and  altitude  for  maximum  cruise  range.  As  in  the  problem  for 
best  cruise  range  performance,  the  objective  is  to  maximize  -he  range 
factor.  The  difference  here  is  that  only  the  speed  is  tree,  xne 
general  approach  for  determining  best  RF  is  to  determine  L/D  as  in 
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Figure  4-1  for  Che  given  weight  end  Altitude,  SFC  as  in  Figure  4-3, 
and  then  Rp  as  in  Figure  4-4. 

The  analytical  work  was  accomplished  earlier.  The  necessary 
condition  is  Equation  4-31.  Expanding  gives  Equation  4-38, 
Substituting  the  parabolic  polar  then  gives  the  necessary  condition 
for  the  cruise  Mach  number,  namely 


M  dSFC 
SFC  <JM 


uo 

2D 


(  1  ♦ 


M  0CDo 
Cdo  *m 


) 


♦ 


2KW2 

XSM2CfAD 


(  3 


M  6K  . 
K  dM  ' 


0 


(4-53) 


The  solution  of  Equation  4-53  yields  beBt  cruise  Mach  number  for  the 
specified  altitude  and  weight.  From  this  the  speed  and  drag  can  be 
computed  and  then  Rp  determined.  The  details  are  as  follows.  From 
Equation  4-29 

D  -  h  XSM 20ACI)  ♦  ----- 
°  XSM2oa 


Since  L  -  W  and  V  -  Ma,  the  range  factor  is 


Rf  - 


MaW 

SFC  (fc.SMV'Cn  ♦  _JKW^  ) 

°  ASmV 


(4-54) 


Note  that  Equation  4-53  gives  best  cruise  Mach  number,  M* ,  as  a 


f _ _ ^  «_ 


I V  C  A  Vi  A  V  A  CUV  ■  V  A  IV  I  4  US  wil«i  M  V  4  V  |  —  y  ,  M  WC  4  V  w  w  v  p 


also  decreases.  The  rationale  for  this  conclusion  is  as  follows. 
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Since  the  solution  of  Equation  4-53  yields  M*  as  a  function  of 
weight,  integration  of  Kp/W  in  Equation  4-17  can  be  accomplished  only 
by  rumerlcal  integration.  If,  however,  the  change  in  M*  with  W  is 
small  then  Equation  4-17  can  be  analytically  Integrated.  Based  upon 
this  assumption,  Equations  4-54  and  4-17  give 


X 


Ha 

SFC  ^C~ 


(  tan 


l _ 2KWi_ 

A.SM20ACd 


.  -1  2KWf 

tan  — .  "  -•  - 

uo 


) 


(4-55) 


We  next  address  the  sensitivity  of  the  range  factor  to  changes 
in  the  parameters. 


Sensitivity  Parameters  for  the  Constant  Altitude  Problem 


The  general  form  for  the  total  differential  of  RF  Is 


dRp 

rF 


Sm  ♦  Sr,, 

M  M 


dCDr 


CDr 


* 

K  K 


♦  S 


„„  dSFC  . 
SFC  sfC 


SW/S 


4iS|ZSi 

w/s 


If  the  parameters  Cqq  and  K  and  the  variable  M  are  treated  as 
independent,  then  the  sensitivity  parameters  are  as  follows. 
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sw/s 
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E 


Oi  KS^oaCq0 


2KW2 
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If,  on  the  other  hand,  Co0,  K,  and  SFC  are  functions  of  M,  then  the 
sensitivity  parameter  Is  where 


»M 


M  dSFC  _ 
SFC  dM 


xsm2ADc 

2D 


Cn  dM 


(4-56) 


2jCV^_  (  3  -  «  ^  ) 

*  dM 


SM  Is  the  left  side  of  Equation  4-53.  Thus  SM  -  0  at  the  optimal 
cruise  speed.  Furthermore,  as  a  function  of  speed  looks  like  that 
illustrated  in  Figure  4-21. 
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Figure  4-21  Range  Facto'  Sensitivity  to  Variations 
in  Mach  Number 
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In  Figure  4-21,  M*  Is  the  best  cruise  Mach  number.  Cruise  At  speeds 
other  chan  at  K*  results  In  a  decrease  In  hp  since  Sj^  dM/M  Is  negative 
on  either  side  of  M*. 

Application  of  the  Constant  Altitude  Cruise  Solution 

The  F4C,  clean  configuration,  will  be  considered  again.  Assume 
that  the  cruise  altitude  is  36,000  feet.  This  altitude  falls  between 
the  initial  and  final  cruise  altitudes  of  the  return  leg  defined  In 
the  problem  on  optimal  cruise  range  performance.  The  solutions  for 
M*  according  to  Equation  4-53,  L /D,  and  Rp  are  as  follows: 


h«const 

Best  Cruise  Climb 

w 

M* 

-L/D 

Rf 

RP 

33 , 01)0 

O.ooi 

o.oj 

•  A*  r\ 

/. 

38,000 

0.876 

8.7? 

4043 

4052 

Consequently 

,  the  range 

factor 

variation  for 

constant  altitude  cruise 

relative  to 

best  cruise 

climb 

is  0,2  to  1.0X. 

In  addition,  the  change 

in  due  to  changes  in  W  is  negligible;  therefore,  Rp  for  the  F4C  at 

jo , uvi'j  reef  aitituu?  Can  uh  a.  constant* 

For  the  sensitivity  parameter  SM,  vhtn  SFC,  Cqo,  ana  K  are 
functions  of  M,  Figure  4-22  shows  that  varies  linearly  with  M. 

The  sensitivity  of  the  range  factor  to  changes  in  the  weight  is 
negligible.  For  a  IX  change  in  cruise  Mach  nuacsr,  the  range  factor 
decreases  by  approximately  Q.2X.  For  a  5X  change  in  the  cruise  Mach 
number,  the  range  factor  changes  by  approximately  4,0'/. 
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Constant  Spaed  Cruise  Performance 

Given  tha  cruise  speed  or  Mach  number,  the  problem  is  to  determine 
the  cruise  altitude  for  a  given  weight  which  maximises  the  range  factor. 
The  general  approach  is  to  first  determine  L/D  as  in  Figure  4-2  for  the 
given  weight  and  cruise  speed.  SFC  is  determined  from  data  as  in 
Figure  4-3  and  finally  Rp  is  determined  from  Figure  4-4. 

Tha  analytical  approach  fellows.  The  necessary  condition  for 
best  cruise  altitude  is  defined  by  Equation  4-30. 


rf  -  -4  (  -MSJL  ) 

do  *  do  D*  SFC 


0 


(4-30) 


There  exists  a  constraint  which  must  be  considered  In  order  to  obtain 
a  valid  solution,  lc  is  necessary  that  the  solution  of  Equation  4-30 
result  in  the  drag  equal  to  or  less  than  the  maximum  thrust  available. 
For  a  parabolic  polar,  expansion  of  Equation  4-30  gives 


1  .  I  2k  .  _L_  dSFC 

a  d(J  D  dO  SFC  do 


SubSvituCior.  for  &  arid  p  given 


i  (*-n  1  -  (  i  »sm2o*cDo 


2KW2  ^ 
XSM20A 


(4-57) 


1  dSFC  Q 
SFC  do 

Equation  4-57  is  the  general  relationship  which  must  be  solved  for  o. 
The  solution  for  a  substituted  into  Equation  4-29  gives  the  drag. 

This  must  then  be  compared  with  the  maximum  available  thrust.  If  the 
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drag  exceeds  the  maximum  thrust,  then  the  correct  solution  for  a  is 
determined  from  the  equality  of  the  drag  and  maximum  thrust. 

There  is  a  special  case  for  which  an  analytical  solution  for  o 
can  be  determined.  If  cruise  la  in  the  stratosphere,  A  -  1.  If  in 
addition  SfC  is  a  function  of  Mach  number  alone,  then  Equation  4-57 
has  for  the  solution 


0 


2W 

ASM2 


(4-58) 


which  agrees  with  Equation  4-34  when  A  «  1.  The  solution  of  Equation 
4-58  corresponds  to  maximum  L/D  ratio  for  the  specified  cruise  Mach 


Equation  4-58  when  substituted  into  Equation  4-29  gives 


D  -  2W  (4-59) 

If  thle  value  exceeds  maximum  thrust,  then  the  solution  must  be 
modified.  In  the  stratosphere  it  can  generally  be  assumed  that 


2  »  constant 

O 


Equating  maximum  thrust  and  drag  gives 

M**  I  .  I  (  ^  Ai»M20  Cq  ♦  ) 

o  O  ASH20 
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Substitution  of  Q  Into  D  gives 
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Cruise  L/D  is  therefore 


L 

D 


M 


pccrr^ 


r  AS  /  MAXI  1  ,eM2r  \1 

L  2it  (  ’  2  *SM  C0o  >  i 


(4-63) 


Thus,  when  the  drag  corresponding  to  MAX.  L/D  exceeds  the  max  thrust 
available,  the  altitude  is  determined  from  Equation  4-61  and  the 
cruise  L/D  is  defined  by  Equation  4-63.  Note  that  L/D  is  constant 
unless  the  aerodynamic  coefficients  or  max  T/o  changes  with  altitude. 

The  range  factor  reduces  to,  for  constant  speed,  SFC(M),  and 
stratospheric  cruise. 


RF 


V(L/D)MAX 


SFC 


if  maxt  >  5) 


VM 


(  MAS!  ) • sfc 
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I  &  {  MAXT 
L  2K  0 


«« 

k  XSM2CD, )  ]■* 


(4-64) 


if  MAXT  <  ^(l/u) 


Consider  the  sensitivity  of  altitude  and  range  factor  to  aero¬ 
dynamic  parameters  and  engine  performance. 

Sep.E  it  t”  PffanAt  At*o  fnr  t-ho  r.nnglflnt-  Trajitir.hflry 

There  are  two  situations  which  must  be  considered,  thrust  greater 
than  or  equal  to  the  drag,  and  thrust  less  than  the  drag.  If  the 
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thrust  Is  greater,  then  Equations  4-58  and  4-59  hold  when  it  is 
assumed  that  SFC  is  independent  of  altitude  and  cruise  Is  in  the 
stratosphere.  The  total  differentials  of  Equations  4-57  and  4-42 
8ive 


dh 


1_  ,  ^o  dK  x 

20  CU;  K 


dCD0 

CDo 


♦  sK 


dK 

K 


(4-65) 


An  Increase  in  CD  (K)  gives  an  increase  (decrease)  in  h.  The  explana- 
tion  for  this  was  presented  in  the  sensitivity  analysis  of  the  first 
problem  on  best  cruise  nerf ormance.  If  the  maximum  thrust  Is  leas  than 
the  drag  corresponding  to  maximum  L/D,  then  Equations  4-42  and  4-61 
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The  total  differential  of  Rp  tor  constant  V  and  U  becomes 
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If  MAXT  <  max(L/D) 
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The  sensitivity  parameters  ar®  tabulated  in  Table  4-4. 


An  Application  of  the  Constant  Speed  Crulea  Solution 

We  will  consider  the  supersonic  cruise  performance  of  the  Super¬ 
sonic  Transport  (SST).  The  cruise  is  in  an  atmospheric  en'- 1  roiunen t 
which  Is  8°  above  that  for  a  standard  day  at  the  same  pressure  altitude. 
As  a  consequence.  In  the  stratosphere  the  density-pressure  relation 
must  be  adjusted  to  the  following 


p 

—  “  0.7  542a  pD  -  non  standard  sea  level  density 

The  cruise  Mach  number  Is  2.62.  A  parabolic  approximation  to  the  drag 
polar  at  M  -  2.62  gives  »  0.0084  and  K  -  0.497.  The  reference 
area  Is  7700  square  feet.  Minimum  SFC  shows  negligible  variation  with 


July  1976 


‘-5!  S3MT 6-S-*  6  8  0  7  9 


i 


1 

TABLE  4-4 

SENSITIVITY 

PARAMETERS 

FOR  CONSTANT  SPEED 

CRUISE 

PERFORMANCE 
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altitude  be two an  55,000  and  65,800  feet.  The  ratio  of  maximum  thrust 
to  density  ratio  shows  negligible  variation  with  altitude  and  la  taken 
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i 
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i 
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V 

* 


as 

.  880,000 

a  * 

The  maximum  L/0  solution  for  specified  weights  follows! 


w 

Q 

h 

D/o 

L/D 

644,370 

0.0839 

62,200 

992,000 

7.74, 

467,880 

0.0609 

68,800 

992,000 

7.74 

Since  D/o 

exceeds  MAXT/o, 

cruise  can  not 

be  at  maximum 

L/D.  The 

solution  for  equal  drag  and  maximum  available  thrust  Is 

lsx 

required  and 

V 

O  .. 

h  . 

d/o 

L/0 

644,370 

0. 0954 

59,600 

880,000 

7.68 

467,880 

0.0704 

66,000 

880,000 

7.55 

The  range 

factor  is  7555 

nautical  miles 

using  an  average  SFC  of  1.527. 

The  comparison  of  the  predicted  results  and  the  Boeing  data  are  pre- 
seated  In  Teble  4-5. 

Relative  to  the  sensitivity  analysis,  a  10%  increase  In  K  gives 
an  altitude  decrease  of  990  feet  (1/3  -  19,842  feet).  A  10%  increase 
in  Cqo  gives  an  altitude  decrease  of  1170  feet.  A  107.  Increase  in 
MaXT/o  res11!*-®  in  *n  altitude  increase  of  2160  feet.  Relative  to 
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rang*  factor,  a  10%  Increase  In  K,  CD  ,  and  MAXT/o  results  In  a  5% 
decrease,  3.9%  d*cr*as«,  and  a  10.9%  increase ,  respectively. 


TAJLE  4-5 

SUMMARY  OF  CONSTANT  SPEED  CRUISE  PERFORMANCE 


Error C 

Wj  (.pounds) 

644,370 

644,370 

0 

Mi  —  Mg 

2.62 

2.62 

0 

hi  (feet) 

59,600 

59,500 

0.2 

L/Dt 

7.68 

7.58 

1.3 

Rf,  (nautical  miles) 

7,705 

7,586 

1.6 

Wf  (pounds) 

467,880 

467,880 

0 

hf  (feet) 

66,000 

65,600 

0.6 

L/  Df 

7.58 

7.43 

1.6 

Rp^  (nautical  miles) 

7,553 

7,398 

2.1 

X  (nautical  miles) 

2,442 

2,414 

1.2 
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Four  problems  were  studied  In  this  chapters  optimal  cruise 
performance,  best  cruise  altitude  for  a  specified  spaed,  best  cruise 
speed  for  a  specified  altitude,  and  maximum  endurance.  In  addition 


to  presenting  Che  general  approach  for  determining  the  graphical 
solution  to  cruise  performance  problems,  approximate  analytical  solu¬ 
tions  were  developed.  In  general,  the  difference  between  the  analy¬ 
tical  and  generalised  resulte  was  less  than  3%.  The  biggest  error 
was  In  the  estimation  of  tha  cruise  altitude  for  the  FUC  assuming 
the  cruise  was  in  the  troposphere.  When  the  pressure/density  rela¬ 
tion  for  the  stratosphere  was  employed,  tha  error  was  significantly 

—  -  J 

1 vuwveu# 

Sensitivity  parameters  were  derived  for  the  four  problems.  The 
utility  of  these  parameters  is  that  first-order  variations  in  the 
aerodynamic  and  engine  performance  characteristics  wars  identified  and 
their  effect  on  cruise  performance  was  assessed. 


m  m 
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SECTION  V 


DESCENT  AND  GLIDE  PERFORMANCE 


Problem  Define, 'on  and  Assumptions 

There  are  several  problems  of  Interest  relative  to  descent  and 
glide  performance.  The  distinction  between  descent  and  glide  is  that 
the  former  may  ha^e  engine  power-or,  whereas  the  lat*rer  corresponds 
strictly  to  engine  power-off.  Specific  problems  considered  in  this 
section  are  maximum  glide  flight  path  angle,  minimum  glide  sinking 
speed,  maximum  range  for  specified  altitude  drop,  maximum  endurance  for 
specified  speed  change,  constant  angle-of-attack,  and  constant  L/D 
glide  trajectories.  It  will  be  assumed  throughout  this  section  that 
the  flight  path  angle  la  small.  Since 
x  *  V  cos  Y 

h  «*  V  9in  y 

the  approximate  equations  are 

x  =  V  (5-1) 

h  -  V  (5-2) 

Y 

ft  will  also  he  assumed  that 

L  -  Vi  (5-3) 

The  change  in  the  weight  will  assumed  to  be  negligible ,  thus 
W  «=  0 
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The  acceleration  Is 


I 

i 


i 


i 

i 

I 


* 


fr 


i' 

t 

►/ 

u/ 


V  «  §  (T  -  B)  -  EV  (5-4) 

For  constant  speed,  Equation  5-4  can  be  solved  for  y,  i.e., 

Y  -  £  (X  -  D)  (5-5) 

A  further  assumption  Is  that  th»  aerodynamic  polar  can  be  approximated 
by  a  parabolic  polar 

Cq  «  Cq^  ♦  KCj^  (5-6) 

Equation  5-6  will  be  employed  in  the  analytical  analysis  but  It  Is 
unnecessary  to  the  general  approach  for  solving  the  descent  and  glide 
performance  problems. 

Hie  previous  equations  fora  the  set  of  equations  to  be  used  In 
solving  the  descent  and  glide  performance  problems.  Each  problem  will 
be  studied  separately  and  additional  assumptions  Introduced  whenever 
necessary. 

Maximum  Glide  Path  Angle 

The  thrust  is  zero  for  this  problem.  For  a  given  speed  and 
woight,  the  approach  for  determining  the  maximum  glide  path  angle  is 
atraightforvan  .  Refer  to  Figure  5-1.  The  speed  V*  for  maximum 
glide  flight  path  angle  corresponds  to  maximum  -D  or  equivalently, 
minimum  U.  This,  substituted  into  Equation  5-5,  gives  the  maximum 
glide  flight  path  angle.  Thus  the  solution  can  easily  be  obtained 
by  plottl  ^  -D  versus  V,  selecting  maximum  -1)  (or  minimum  D) ,  and 
substituting  into  Equation  5-5  to  determine  maximum  y. 


An  approximate  analytical  solution  can  aleo  be  obtained.  It  will 
be  assumed  that  the  speed  is  constant  as  ar  the  aerodynamic  co¬ 
efficients  in  Equation  5-6.  Prom  Equation  5-5  for  T  •  0 

y  -  (5.7, 

thus  maximum  y  corresponds  to  minimum  drag.  Substitution  of  Equations 
5-3  and  5-6  into  the  drag  equation  gives 

D  -  *  pSVZCDo  +  ^7  (5-8) 

The  maximum  glide  flight  path  angle  corresponds  to  the  speed  for 
minimum  drag.  Differentiating  Equation  5-6  with  respect,  tu  V  ami 
solving  for  the  be3t  glide  speed  V*  for  maximum  y  gives 


5-3 


V*  -  (  -  )  (5-9) 

P  S  CD0 

Consequently,  for  maximum  glide  path  angle,  the  trajectory  corresponds 
to  constant  dynamic  pressure,  q,  defined  by 

,  .  KW2  4 

9  “  *  *  (  ^2^  > 


Substitution  of  Equation  5-9  Into  Equation  5-8  give* 


D  -  2v/KC^o 

Substitution  into  Equation  5-7  gives  the  maximum  glide  path  angle  Y* 

Y*  -  MAX  Y  -  -  2  J  kcDo  (5-10) 

S  ince 


MAX 


1 

2 


Equation  5-10  becomes 


Y* 


1 

(T7o)hax 


(5-11) 


Thus  maximum  glide  path  angle  requires  maximum  L/D  flight. 

The  solution  for  the  Mach  number  for  maximum  glide  path  angle  is 
presented  in  Figure  5-2.  Maximum  flight  path  angle  is  presented  in 
Figure  5-5.  as  an  example,  assume 

W/CJqS  -  6000  pounds  per  square  foot 

h  -  20,000  feet 

(L/0)^^  •  15 
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Number  for  Maximum  Glide  Path  Angle  and  Maximum  Range 


•A 


Fros  Figure  S--2 


M*  -  0. 542 


Fro*  Figure  5-3 


Y*  -  -3 .  o 


Relative  to  the  sensitivity  Analysis,  the  significant  parameters 
are  C£)q,  K,  and  W/S.  The  variation  ot'  V*  to  changes  in  these 
parameters  is 


where 


dV*  _  1  (  ok  .  dC^o  j  +  1_  d(«/S) 
V*  4  K  Cn  2  W/S 


,  d*  .  Do  ^  c  .  d (W/S) 

»K  “k  T  -**0  ‘cjT  *  W/S 


sK  . 


sw/s  -  7 


Consequently,  V*  is  twice  as  sensitive  to  changes  in  W/S  as  it  is 
to  changes  in  K  and  Cq0.  Furthermore,  an  increase  in  K  or  VJ/S 
results  in  an  increase  in  V*  while  an  increase  In  Cdq  decreases  V*. 

The  sensitivity  of  maximum  flight  path  angle  to  variations  In 
the  parameter  Is 


>%  ,  .  2£  , 

>'  '  C„0'  K  ' 


(tzar,  9 
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Substituting  maximum  L/D  gives 


) 


Thus,  the  changs  in  y*  is  th*  same  for  both  K  and  Cqo  and  is  pro¬ 
portional  to  y** 

As  an  «xample  of  ths  application  of  the  maximum  glide  path  angle 
solution,  consider  the  F4C  without  external  stores  and  engine  power- 
off.  Neglecting  the  difference  in  the  drag  due  to  the  engine-off 
condition  gives 


CD  -  0.0157 

c 

K  •  0.145 

The  variation  of  beat  glide  Mach  number,  M*,  is  presented  in  Figure 
5-4.  The  maximum  glide  path  angle  la 

Y*  -  -5.5  degreea 

A  10X  Increase  in  either  Cqq  or  K  results  in  a  change  in  Y*  of 

ay*  ■  -0.275  degrees 

which  is  equivalent  to  a  531  change  in  Y*» 

The  next  problem  to  be  addressed  is  the  trajectory  for  minimus 
glide  sinking  speed. 
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Minimum  Glide  Sinking  Speed  Tral 

Sinking  speed  Vs  Is  Che  negative  of  h.  Hence,  minimum  sinking 

e  e 

speed  is  the  same  as  maximum  h.  From  Equations  5-2,  5-5^  and  V8  »  -h 
V*  -  V  §  (5-12) 

In  Figure  5-5,  Vg  as  a  function  of  V  is  presented. 


Figure  5-5  V  Versus  V 
s 
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<C  V  -'V  "  r" 


The  minimum  sinking  speed  Is  read  directly  from  plots  like  that  In 
the  previous  figure.  Figure  5-5  can  also  be  used  to  determine  the 
maximum  flight  path  which  was  studied  earlier.  A  line  drawn  tangent 
to  the  Vs  curve  and  through  the  origin  defines  the  maximum  glide  path 
angle.  Since 


Vs 

V 


D 

W 


-Y 


maximum  y  corresponds  to  minimum  Vfl/V  which  Is  the  tangent  to  the 
curve.  Consequently,  Vs  versus  V  has  more  utility  than  0  versus  V 
since  the  former  gives  solutions  for  both  minimum  sinking  speed  and 
maximum  glide  path  angle. 

At.  approximate  analytical  solution  can  be  determined  for  minimum 
sinking  speed  trajectory.  For  constant  W,  the  necessary  condition 
for  minimum  Vs  In  Equation  5-12  is 


(VO)  -  0 


As  in  the  previous  problem,  assume  a  parabolic  drag  polar.  Substi¬ 
tuting  the  polar  Into  the  drag  equation  and  then  differentiating 
Equation  5-12  gives  the  solution  for  the  speed  V*  for  minimum  sinking 
speed 


V* 


6KW2  ^ 
(  - -  ) 


(5-13) 


Thus,  the  trajectory  corresponds  to  constant  dynamic  pressure  defined 
by 


q  -  fc  pV*  -  ( 


2  _  ,  _JWL  f 


3S2Cn 
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The  speed  defined  by  Equation  5-13  is  less  than  the  speed  for  minimus 
drag.  Thus  the  flight  is  at  a  speed  which  is  on  the  back  side  of  the 


drag  curve.  This  is  an  unstable  situation  since  a  disturbance  in  the 
speed  will  result  in  the  speed  diverging  from  V*  if  no  aerodynamic 
corrections  are  applied. 

Substitution  of  V*  into  C  gives 

D  -  4W  (  ^  KCDq  ) 

Thus 

l  .  i  rnr  .  n  ( k ) 

D  4  \|  KCDo  2  D  MAX 

Relative  to  the  previous  problem  for  maximum  flight  path  angle,  the 
minimum  sinking  speed  trajectory  is  slower  by  24%  and  the  dynamic 
pressure  is  lower  by  73%.  Glide  L/D  Is  42X  of  maximum  L/D.  Substi¬ 
tution  of  V"  into  Equation  5-12  gives  the  minimum  sinking  speed 


V 


* 


8 


2  1  |  W 

(27 (L/D)^  \|  PSCD0 


(5-14) 


The  relationship  for  best  Mach  number,  M*,  and  minimum  sinking  speed 
is  presented  in  Figures  5-6  and  5-7  as  functions  of  the  parameters  in 
the  problem.  As  an  example,  assume 


h  -  20,000  feet 

W/CdoS  •  6000  pounds/square  foot 

(L/D)  my  -  15 

*  m  w» 

Figure  5-6  gives  approximately 
M*  -  0.412 

~6 -2-2-6  9  ' 

5-12  - — 


62079 


di  ouoi)  sanxmv 


From  Figure  5-7 


Vs  «  32  feet/seccnd. 


The  sensitivity  of  V*  to  changes  in  Che  parameters  is 


dV*  _  l  d (W/S)  .  J.  dK  _  1  dCDo 
V*  "  2  W/S  4  K  *  4  Cn 

o 


where 


-  SK  *5  ♦  Sc. 


dCDp 

C*o 


♦ 


SW/S 


W/S 


SK  - 


1 

4 


SW/S 


1 

2 


which  is  the  same  as  for  the  maximum  flight  path  angle.  The  sensi¬ 
tivity  of  minimum  sinking  speed  to  variations  in  the  parameters  is 


where 


dV3* 

Vs* 


l!!Po„  3dK 
2  W/S  4  Cdo  4  K 


-  5W/S 


d(W/S) 

W/S 


di 


>CDf 


CDr 


C.. 

^Kw 


rijv 

K 


sw/s  -  7 

ScD0  "  4 


For  equal  changes  In  the  parameters,  K  produces  the  largest  change 
in  .fc*. 
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Let  us  consider  again  the  F4C  for  application  of  the  previous 
results,  the  aerodynamic  characteristics  and  the  weight  are  the  same 
as  those  in  the  previous  problem.  The  Mach  number  for  minimum  sinking 
speed,  M*,  and  minimum  sinking  speed  V£*  are  presented  in  Figure  5-8. 

A  1 OX  change  in  1C,  Cq0,  or  W/S  results  in  a  2.5%  increase,  a  2.5% 
decrease,  and  a  57.  increase  in  V*,  respectively.  The  corresponding 
changes  in  Vs*  are  7.5%  increase,  2.5%  Increase,  and  5.0%  increase. 

Maximum  Range  for  Specified  Altitude  Drop 

Fo>*  problems  relative  to  a  specified  altitude  drop  it  is  con¬ 
venient  to  treat  the  altitude  h  as  the  Independent  variable  rather  than 
time.  Combining  Equations  5-1  and  5-2  gives 

dX  m  _1_ 

dh  "  Y  (5-15) 

Equation  5-4  transforms  to 


V 


dV 

dh 


~  (T-D)  -  g 


(5-16) 


If  the  change  in  V  is  negligible,  Equation  5-16  reduces  to 


Y 


T-D 

W 


(5-17) 


Substitution  into  Equation  5-15  gives 


dX  _W_ 
dh  *  T-D 


(5-18) 


If  nation  5  “18  is  AptiSi!  aoojhruhn  rp  xi  1  ftri  a  t;hx  f-  r*a  <  ar  t-  f*  r-u  t  h  r*n  [ 

integral  yields  the  maximum  range  for  a  specified  altitude  drop. 
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For  negligible  change  in  Che  weight  «nu  chrusr,  n.aximuui  range  results 
from  minimum  drag.  One  approach  Co  solving  for  Che  speed  is  the  same 
as  that  used  for  determining  maximum  flight  path  angle.  Another 
approach  is  illustrated  In  Figure  5-9. 


T-D 

W 


L. 


/Optimal  Descent 
'  Speed 


1 


h, 


V 


Figure  5-9  (T-D) /W  Versus  V 


For  selected  altitudes,  (T»D)/W  is  determined  as  a  function  of  V. 
The  optimal  descent  schedule  is  the  locus  of  speeds  corresponding 
to  the  maximum  value  of  (T-D)/W.  Substitution  of  maximum  (T-B)/W 
into  Equation  5-18  and  Integrating  gives  the  maximum  range. 

5*18  ^rzi2J^ 
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An  approximate  analytical  solution  can  bo  derived  for  this 


problem.  For  a  parabolic  drag  polar 


Y 


1-2  /kCq“ 
W  0 


I - 1 _ 

W  'l/d)max 


Substitution  Into  Equation  5-15  gives 


dX 

dh 


1 

T  1 

w  “  a/bj^ot 


Integrating  gives  the  maximum  range  solution  X* 


x*  -  (hf  -  h J>  L  5  -  ri75^t  3  1  (5‘19 

where  hf  and  h*  ara  the  final  and  initial  altitudes.  The  speed  for 
maximum  range  is  presented  In  Figure  5-2.  This  follows  from  the 
observation  that  the  speed  for  maximum  flight  path  angle  and  maximum 
range  arc  the  same  -  namely,  tha  speed  corresponding  to  minimum  drag. 
The  solution  for  maximum  range  is  presented  in  Figure  5-10.  As  an 
example  assume 

“  15 

T/W  -  0.02 

hi  -  hp  -  5000  feet 

Figure  5-10  gives 

X*  *»  17.6  nautical  miles 
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The  sensitivity  of  the  best  descent  speed  to  changes  in  the 
parameters  is  the  same  as  that  tor  the  maximum  flight  path  angle. 

The  sensitivity  of  maximum  X,  X*,  to  variations  in  the  aerodynamic 
and  engine  performance  characteristics  is  derived  from  Equation  5-19 


dX* 

X* 


]  [  «*  <  $  >  - 


*£>] 


"  ST/W 


HIM 

T/W 


♦  Sk 


T 

W 

T  1 

W  (L/D>MAX 


1 

„  „  2(L/D)HAX 

*  SCD<,  *  — - i - 

w  U./o'hux 


For  descending  flight  the  previous  analysis  is  restricted  to  situa¬ 
tions  where 


where 

ST/W 


I  <  1 

W  (^)MAX 

It  follows  that 

ST/W  >  0 

SK  -  SC  <  0 

ur> 

Consequently,  an  increase  In  thrust  gives  an  increase  In  X*.  An 

Increase  in  K  or  Cn  results  In  a  decrease  In  X*. 

o 
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As  An  example,  consider  an  F4C  aircraft  operating  at  idle  angina 
power,  starting  at  20,000  feet,  and  ending  at  10,000  feet.  The  weight 
is  30,000  pounds.  The  aerodynamic  coefficients  are  the  same  as  the 
previous  F4  problems.  Idle  angina  power  thrust  is  500  pounds.  The 
maximum  range  is 

X*  -  20.9  nautical  miles 


The  sensitivity  parameters  for  range  variations  are 


S'j/y  ■  0,537 

•  SCn  “  *  0.768 

uo 


COuttv^ucTitly i  for  the  same  percentage  variation,  an  lap . ov cmant  In 
Cqq  or  K  produces  a  bigger  change  in  X*  than  the  change  produced  by 
d  (T/W) . 


Maximum  Endurance  for  a  Specified  Altitude  Drop 

As  in  the  previous  problem.  It  Is  convenient  to  treat  altitude 
&£  w*tC  t p. d  vpCTi-  cr» t  vsrisblti  v  ion  5—2  t ^*°n e £ to 

dt  _  _i_ 

dh  Vy  (5-2  0) 

If  Equation  5-20  is  optimal  everywhere  along  the  trajectory,  then 
integration  gives  maximum  endurance.  If  the  change  in  the  speed  is 
negligible,  then  y  is  defined  by  Equation  5-17.  Substitution  into 

ITmi  ah  f  nn  r»  4  w  no 

*■  1  “  — -  -  -  —  —  -  o  "  *  »“ 


dt  W 

dh  "  V(T-O)  (5-21) 
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For  negligible  changes  in  Che  weight  and  thrust,  maximum  endurance 
corresponds  to  minimum  VD.  Tills  is  the  same  as  the  minimum  sinking 
speed  trajectory.  The  general  approach  Is  like  that  depicted  in 
Figure  5-5  for  determining  the  best  speed  V*.  Substituting  V*  into 
Equation  5-21  and  Integrating  gives  maximum  endurance. 

An  analytical  solution  can  be  derived  when  the  assumption  of 
constant  speed,  thrust,  and  weight,  and  a  parabolic  aerodynamic  polar 
drag  with  constant  coefficients  is  introduced.  It  was  derlveo  for 
the  minimum  sinking  speed  trajectory  that 


V* 


4KW2 

3CDop2S2 


k 

) 


0-13) 


Substitution  into  D  gives 


D 


4W 


3  KC°c 


which  is  independent  of  tha  altitude.  Substituting  D  and  V*  into 
Equation  5-21  gives 


dt 

dh 


(5-22) 


The  density  Is  related  to  the  altitude  by  the  following  approximate 
equation  (Equation  4-42  in  Section  IV) 


'“'R 


.-flh 

o 


/e  o  \ 
-*  / 
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Substituting  Equation  5-23  into  Equation  5-22  and  intagrating  gives 
maximum  endurance,  t* 


|  <  pi%  -  Pt'  > 


%s' 


5  *  4  J  3  “■>. 


.  i  (  -1 - i-jrl.  — 

9  v,-  v£*  ’l  w  y-j 


(l/d), 


(5-24) 


The  solution  for  best  Mach  ntxnber  is  prosantad  in  Figure  5-6.  Maximum 
endurance  is  obtained  from  Figure  5-11.  In  Figure  5-11,  x  1»  defined 


-r1 

0V  <-  y 


(L/D), 


(5-25) 


Due  to  the  presence  of  p  in  Equation  5-25,  two  different  tropopauses 
are  Identified  in  Figure  5-11.  The  curve  which  yields  the  higher  value 
of  t  corresponds  to  the  top  of  the  troposphere,  whereas  the  other  is 
the  bottom  of  the  stratosphere.  For  trajectories  which  cross  the 
tropopause,  the  endurance  time  t*  is  made  up  of  the  time  to  reach  the 
tropopause  (lower  curve)  plus  the  increment  from  the  higher  curve  to 
the  final  altitude.  As  an  example,  assume  that  the  index  number  le 
6,  hi  »  50,000  feet,  and  hf  »  30,000  feet.  From  Equations  5-24  and 
5-25,  it  follows  that  the  maximum  endurance  solution  is 


Tf  ’  Tt 
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Proa  Figure  5-11,  the  time  to  descend  from  50,000  feet  to  the  tropo- 


pause  le 


670  -  480  m  190  seconds 


The  time  to  descend  from  the  tropopause  to  30,000  feet  lo 
1120  -  990  m  130  seconds 
The  endurance  Is  therefore 

190  ♦  130  •  320  seconds 

As  an  example  of  the  application  of  Figure  5-11,  consider  the  following 
characteristics 


W/Cn  S  •  4000  pounds/square  foot 


(L/D), 


-  20,000  feet 

•  10,000  foet 


The  following  results  are  obtained  from  Figure  5-11 


ti  m  1500  seconds 


Tf  ■  17b0  seconds 

t*  ■  260  seconds 


Equation  5-25  gives 


•  1495  seconds 


-  1761  seconds 


>•  266  seconds 
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The  sensitivity  of  the  change  in  the  endurance  to  variations  In 
the  parameters  can  be  determined  from  Equation  5-25,  Differentiating 
this  equation  gives 


dT  dV  T/W  d  (T/tf) 

T  "  ’  “v  *  ~  - 1 1  ~  *  t7m 

W  /I  (L/D)^ 


(5-26) 


♦ 


1 


*r 3 


[  I - 2 - ] 


) 


For  descending  flight  the  denominator  Is 


-  -  - - -  <  0 

w  S*  a/oW 

Hence,  any  speed  other  than  V*  reduces  the  enduranco  time.  An  increase 
(decrease)  in  T/W  increases  (decreases)  endurance.  An  Increase 
(decrease)  In  either  Cqq  or  K  decreases  (Increases)  endurance.  Substi¬ 
tution  of  V*  from  Equation  5-13  into  Equation  5-26  gives 


dr 

T 


T/W _  d (T/W) 

T  _ 2  T/W 

^  V  3  (L/D)j^q^ 


V3  <L/D  W  L  4  ' 


(l/D)j^^ 


] 


(5-27) 


♦ 


s _ i_ 


(L/D)j^x 


] 


♦  I 


djt 

K 
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For  the  application  consider  the  P4C,  the  characteristics  for 


which  were  defined  earlier.  Assume  that 
hl  -  20,000  feet 

hf  «  10,000  feet 

The  solutions  for  the  endurance  and  the  sensitivity  parameters  are 

Vj*  •  396.4  feet/second 

Vf*  m  336.5  feet/second 

t*  »  292  seconds 

^T/W  —  0.178 

Sc  -  -0.839 

"o 

SK  -  -0.339 

The  biggest  improvement  in  endurance  is  by  a  decrease  in  Cqc. 


Maximum  Aar  go  for  Spf»clfled  Speed  Change 

Tills  problem  differs  from  one  of  the  previous  problems,  in  that 
the  speed  rather  than  the  altitude  is  specified.  Problems  that  fall 
Into  chls  category  are  supetsonic  decelerations.  Assuming  that  the 
flight  path  angle  Is  approximately  tero  leads  to  the  following  com¬ 
bination  ot  Equations  5-1  and  5-4 


dx 

dV 


_ y _ 

5  ;t-d> 


(5-28) 


The  independent  variable  is  V.  The  problem  is  the  determination  of 
the  best  altitude  as  e.  function  of  speed.  If  Equation  5-28  Is  optimal 
everywhere  along  the  best  trajectory,  chert  integration  gives  maximum 
range. 


5-28 


6-2  £6  9 


€  2  i  o  0  8 


In  general  both  I  and  D  are  functions  of  altitude.  For  descending 


flight. 


T  -  D  <  0 


Since  V  decreases  with  Increasing  time,  it  is  convenient  to  introduce 
the  following  linear  transformation 

u  -  V*  -  V 

How  u  >  0,  thus  Equation  5-2 ii  transforms  to 


dx 

du 


|  (D-T) 


(5-29) 


Consequently,  for  maximum  range,  the  altitude  as  a  function  of  V  or  u 
Is  cval.iated  such  that  Equation  5-29  is  maximum.  This  corresponds  to 


ulnluULB  w-T)/V.  Th»  general  approach  id  tc  determine  the  speed  for 
a  given  altitude,  weight,  and  engine  throttle  setting  which  minimises 
(D-T)/V.  The  situation  is  depicted  in  figure  5-12.  The  optimal  speeo 
V*  for  decelerating  flight  is  obtained  by  drawing  a  line  through  the 
origin  and  tangvxnt  to  the  (D-T)  curve.  The  relationship  between 
altitude  and  speed  Is  obtained  by  varying  tha  altitude  and  applying 
Figure  5-12. 

An  approximate  analytical  solution  can  be  obtained  as  follows. 
Neglecting  changes  in  7,  W,  and  the  aerodynamic  coefficients  gives 
the  necessary  condition  for  V* 


^-  (  -  )  -  0 
dV  V 
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Equation  5*28  becomes,  for  maximum  range, 


dX  . 
dV 


*(!-—— 2 - 

^  3  (L/ D  )|4/\x. 


Using  average  values  of  T  and  over  the  speed  range  from  Vj 

to  Vf  gives  che  following  solution  for  maximum  range 


X* 


2g  (  ■ — - — 

V  3  (L/D)j,j^ 


Vj  and  V«  are  the  initial  and  final  speeds,  respectively.  The  solu¬ 
tion  fcr  X(V),  defined  by 


X(V) 


2g  ( 


V2 

2 

</*  3  (L/D)^|^ 


1.5-30) 


is  presented  In  Figure  5~13.  Die  optimal  deceleration,  range,  X*>  Is 
obtained  from 


X*  -  X<Vj)  -  X(Vf) 

As  an  example,  consider  the  following  characteristics 


T/W  - 

0.05 

8 

< 

t 

2000 

feet 

p®r 

second 

u  _ 

•  r  - 

1000 

f  A4*  F 

nar 

r 

second 
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Proa  Figure  5*13 


X(Vj)  m  109  nautical  Miles 
X(Vj)  >  23  nautical  alias 

Therefor* 

X*  a  81  nautical  alias 

The  sensitivity  of  the  maximum  range  to  changts  in  the  parameters 
is 


dX* 

X* 


1 


_ 1 _ _  I 

•H  a/DW  M 


_ 1 

•J  3 


dK  #  dCDo 

K  CDo 


)  ♦ 


I  HIM  ] 

w  t7w  j 


*  SI f'A 


d (T/W) 

t/w 


where  SK,  ScQ  *  and  Sj/y  are  the  sensitivity  parameters.  For  the 
“o 

previous  example,  the  sensitivity  paraaeters  are 
SK  “  SCDq  -  -0.765 

S'j/y  —  0.530 

Consequently,  a  decrease  of  1%  in  K  or  Cqo  results  in  a  bigger 
improvement  in  X  than  a  IX  increase  in  T/w  would  achieve. 

The  significant  point  about  this  problem  is  that  the  descent  and 
deceleration  should  follow  a  trajectory  close  to  87X  of  maximum  lift- 
to-dras  ratio. 
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Constant  Angla-of-Attack  Endurance  Performance 

7  e  problem  of  interest  in  this  section  is  the  decelerating 
performance  of  a  supersonic  glider.  It  no  longer  suffices  to  assume 
that  the  change  in  the  speed  is  negligible.  The  purpose  Is  to  de¬ 
velop  an  approximate  relationship  betvten  endurance  and  the  parameters 
In  the  problem. 

The  general  approach  involves  the  Integration  of  the  longitudinal 
end  normal  accelerations  and  the  differential  equation  for  the  tlme- 
rate-of -change  of  altitude.  Given  the  initial  conditions  end  the 
controls,  It  is  then  straightforward  as  far  as  determining  a  trajec¬ 
tory.  The  sensitivity  of  the  trajectory  characteristics  to  changes 
in  the  parameters  can  be  determined  by  rerunning  a  trajectory  computer 
program.  Unfortunately,  It  may  be  difficult  to  determine  a  relation¬ 
ship  between  a  trajectory  performance  variable  and  the  aircraft 
characteristics.  Thus  an  approximate  formulation  is  sought  if  it  can 
lead  to  the  desired  but  unknown  relationship.  We  turn  our  attention 
to  such  a  derivation. 

The  governing  equation  is 

• 

V  -  -g  D/W  (5-31) 

Engine  power-off  is  certainly  appropriate  here.  The  assumption  of 
negligible  y  relative  to  D/W  does  not  generally  hold  everywhere 
along  the  trajectory.  Thus  the  following  analysis  is  restricted  to 
portions  of  a  trajectory  where  D/W  is  much  greater  than  Y- 


5-34* 


saafi  9 
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The  specific  problem  to  be  addressed  here  Is  the  evaluation  of 
the  endurance  at  or  above  a  given  speed  where  the  aerodynamic  control 
corresponds  to  a  constant  angle-of -attack .  It  will  be  assumed  that 
the  aerodynamic  drag  polar  la  parabolic  and  the  lift  coefficient  varies 
linearly  with  angie-of-attack.  For  constant  weight.  Equation  5-31 
becomes 

37  -  -  «Do  *  KC^ot2)  (5-32) 

where  Is  the  lift  curve  slope  and  a  Is  the  aerodynamic  angie-of- 
attack.  Since  V  is  the  Independent  variable  and  t  the  dependent 
variable,  Equation  5-32  becomes 


dt 

dV 


_ 2VJ _ _ 

pgSV^  (C£)q  »  KCj^  G2' 


(5-33) 


If  the  density  Is  known  in  terms  of  V  and  likewise  the  aerodynamic 
coefficients,  then  Equation  5-33  can  at  least  be  Integrated  numerically. 
To  derive  an  analytic  solution  for  endurance,  it  will  be  assumed  that 
average  values  can  be  selected  for  p,  Cdq,  K,  and  Cj,.  It  should  be 
clear  that  care  must  be  exorcised  whenever  tnls  is  done.  Equation 
5-33  Is  lntegrable,  the  solution  for  the  maximum  endurance  above  a 
specified  speed  Yf  is  t* 


t* 


2W  (  --i  -  -i  ) 


pgs  <cDo  tic^a2) 


(5-34) 


where  a  bar  over  a  parameter  or  variable  aenorss  average  value  anu 
Vj  Is  the  Initial  speed. 

5~35  £2.2-69'* 
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Rewriting  Equation  5<  34  gives 


c.  .  <  JL , 


(5-35) 


where 


cD  -  cD&  *  k  a2 


Equation  5-35  shows  that  for  constant  angle-of-attack  t  Is  linear  with 
respect  to  vlng  loading  W/S.  Consequently,  the  variation  in  endurance 
time  Is  equal  to  the  change  in  wing  loading.  Let 


'l  U 

too  «  -2r  (  ~  ) 

vpg  cDs 


Haxlin'u  endurance  is  therefore 


t*  -  r.tvf)  -  t(Vt) 


The  solution  for  t<v)  is  presented  in  Figure  5-14.  NuL«  that  the 
scale  on  t(V)  is  logarithmic. 

As  an  example,  the  endurance  according  to  Equation  5-35  was  com¬ 
pared  with  the  result  obtained  from  the  integration  of  the  differential 
equations  of  motion.  The  initial  Mach  number  was  4.4  and  the  final 
Mach  number  was  3.0.  The  altitude  varied  between  97,COO  and  108,000 
feet.  The  angle-of -attack  was  12  degrees.  The  density  corresponding 
to  the  average  of  these  two  altitudes  was  used.  The  average  values 
for  K,  and  were  0.034,  1.164,  end  0.015,  respectively. 


&Z 1  0  0  & 
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The  wing  loading  was  30  pounds  per  square  foot.  Equation  5-35 
resulted  In  an  endurance  of  96  seconds,  whereas  the  integration  of 
the  equations  of  motion  gave  85  seconds.  Thus,  Equation  5-35  gives 
a  representative  answer  for  endurance. 

The  sensitivity  of  the  endurance  to  variations  in  the  parameters 
is 

dt*  d (W/S)  dCD 

"t*  *  w/s  "  *7" 

Consequently,  the  endurance  changes  In  direct  proportion  to  the 
Increase  in  W/S  (Cq) . 

For  the  last  problem,  the  glide  is  at  constant  L/0  rather  than 
constant  angle-of-attack. 

Constant  L/U  Endurance  Performance 

The  problem  here  Is  the  same  as  the  previous  problem  except  that 
the  aerodynamic  control  corresponds  to  constant  L/D  ratio  rather  than 
aerodynamic  angle  of  attack.  The  general  approach  Is  the  same  as 
before,  the  exception  being  in  the  control. 

For  the  approximate  formulation.  Equation  5-31  holds.  For 
constant  L/L>  and  L  «  W,  Equation  5-31  becomes 

dV  „  D 

dt  "  ~8  L 

or 

dt  1  L 

dV  "  "  i  1  0  ) 
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Integrating  gives  endurance 


t 


1  L 
g  0 


(Vi  -  Vf) 


(5-36) 


Equation  5-36  shows  that  endurance  varies  linearly  with  L/U .  Thus  the 
change  in  endurance  is  equal  to  the  change  in  L/D. 

For  an  example,  the  characteristics  of  the  previous  problem  result 
in  a  L/D  ratio  of  2.51.  The  endurance  at  or  above  a  Mach  number  equal 
to  3.0  is  108  seconds.  It  should  be  pointod  out  that  a  comparison  with 
85  seconds  (the  Integration  of  tha  equations  of  motion)  does  not  apply 
since  this  solution  corresponded  to  a  constant  angle-of -attack  control. 


Summary  of  the  Descent  aral  Glide  Perforciar.ee  Problems 

Seven  problems  were  studied  in  this  section.  Approximate  analyti¬ 
cal  solutions  were  derived  for  all  of  the  problems.  Por  those  problems 
where  the  aerodynamic  control  was  free,  it  was  established  that  the 
optimal  trajectories  correspond  to  either  maximum  llft-to-drag  ratio 
or  the  aerodynamic  control  which  corresponds  to  minimum  sinking  speed. 
In  addition,  the  sensitivity  of  the  performance  was  determined  in  terms 
of  changes  in  the  aircraft  parameters. 


5-39 


SECTION  VI 


TURNING  PERFORMANCE 

Problem  Definition  and  Assumptions 

Although  turning  performance  is  generally  studied  in  a  horizontal 
plane,  it  is  of  equal  importance  for  both  ascending  and  descending 
flight.  For  example,  heading  changes  after  takeoff  are  representative 
of  ascending  turns.  Altitude  changes  during  holding  patterns  above 
airports  involve  descending  turns.  In  addition,  heading  changes  for 
final  approach  to  landings  are  descending  turns. 

For  a  point  mass  assumption,  i.e.,  the  mass  is  concentrated  at  the 
center  of  mass,  six  differential  equations  hold.  These  equations  in¬ 
volve  the  speed  V,  the  flight  path  angle  y,  the  heading  angle  a,  and 
three  position  coordinates.  The  six  state  variables  are  presented  In 
Figure  6-1  where  point  P  Is  the  center  of  mass. 


Figure  0-1  State  Variables 

*"1 
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The  differential  equations  are  as  follows: 

V 

■  8  ( S  -  8  -  “n  ^ 

(6-1) 

• 

o 

■  f 

(6-2) 

• 

Y 

"  v  L  <  w  v  w  8ln  a  ^  cos  ^  ‘  c°9  Y  3 

(6-3) 

X 

■  V  cos  y  cos  0 

(6-A) 

7 

•  V  cos  Y  *in  O 

(6-5) 

• 

t 

•  V  sin  Y 

(6-6) 

The  load  factor  n 

is  defined  as 

n 

-  5*  5  *lna 

Substitution  into 

Equations  6-2  and  6-3  gives 

O 

8  n  sin  t 

(6-7) 

V  cos  y 

Y  •  —  (n  cos  fi  -  cos  y)  (6-8) 

V 


An  additional  variable  of  interest  is  the  radius  of  turn.  In  a 
horizontal  plane  the  radius  of  turn  is  where 

*<=  -  iff  (6-’> 

and  Id  I  is  the  absolute  value  of  a  .  In  the  vertical  plane  the  radius 
uf  V.UA.U  Is  R-,  where 


6-2 


(6-10) 


and  jy  j  is  the  absolute  value  of  y* 

It  is  easily  shown  that  at  the  same  spaed  and  maximum  allowable 
load  factor  a  faster  turning  rate  can  be  achieved  in  the  vertical 
plane  than  in  the  horizontal  plane.  As  a  consequence,  Bg  Is  greater 
than  Ry.  In  the  vertical  plane  if  0  •  TT  the  lift  and  weight  component 
are  additive,  hence 

IyIma*  *  V  C°S  Y> 

In  the  horizontal  plane 

Y  -  Y  -  0  (6-11) 

and  it  follows  that 


cos  0  -  1/n 


MAX 


Substitution  into  Equation  6-7  gives 


111  5  n  ~ 

I  ul  MAX  “  V  M  “MAX  ~  ‘ 


(6-12) 


(6-13) 


Since 


nMAX  ♦  cos  Y  >  ^HAX  >  \  nMAX 


-  1 


it  follows  that  at  the  same  speed 


I  v  1  >  1  ol  . ... 

'  1  i  max  'haa. 


Therefore  from  Equations  6-9  and  6-10 


Ry  ^  ®y 
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tne  In  the  Horizontal  Plana 


Turning  capability  Is  constrained  by  the  maximum  allowable  load 
factor.  Maximum  load  factor  as  a  function  of  Mach  number  Is 
illustrated  In  Figure  6-2. 


Figure  6-2  Maximum  Allowable  Load  Factor 


Mc  corresponds  to  the  comer  speed  and  is  defined  as  the  intersection 
between  the  aerodynamic  limit  and  the  structural  limit.  For  level 
flight  performance,  Me  and  the  structural  load  factor  limit  yield 
minimum  R,  ,  maximum  >ol,  and  maximum  bank  angle.  For  level  flight 
turning  performance  Equations  6-11  through  6-13  hold.  Thus,  above  Ng 
the  radical  tn  t/juacion  6-13  is  constant  but  V  increases;  thus 

6’*  -62^6  9* 
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maximum  |o|  decreases  along  the  structural  limit.  Along  the  aerody¬ 
namic  limit  Is  related  to  maximum  lift  coefficient  Cj^^.  by 


psv2c 


nMAX  " 


2W 


Substitution  into  Equation  6-13  gives 


MAX 


£ 

V 


f 


psv2c 


2w 


)  -  l 


(6-14) 


(6-15) 


Clearly  must  be  greater  than  or  equal  to  one  for  real  a  . 

Consequently,  along  the  aerodynamic  limit  |o|m^  increases  with 
increasing  V  and  the  maximum  value  occurs  at  the  comer  speed.  Thus, 
|oi  is  maximum  at  the  comer  speed.  From  Equations  6-9  and  6-13 


^  - 


(6-16) 


Along  the  structural  limit  RQ  is  minimum  at  the  comer  speed.  Along 
the  aerodynaxic  limit  Equations  6-14  and  6-16  give 


8 


psfo^  \ 

2W 


(6-17) 


Along  the  aerodynamic  limit  Rg  decreases  with  increasing  V,  hence  the 
comer  speed  yields  minimum  Finally  maximum  bank  angle.  0,  occurs 

along  the  structural  limit.  This  conclusion  follows  directly  from 
Equation  6-12. 
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The  next  four  problems  concern  sustained  level  flight  turning 
performance.  This  infers  that  the  speed,  the  flight  path  angle,  and 
the  turning  performance  variables  -  n,  R^,  0,  and  a  do  not  change  with 
time.  The  engine  throttle  setting  is  also  fixed.  First,  the  general 
case  wilt  be  considered  and  then  the  special  case  of  a  parabolic  drag 
polar  will  be  addressed.  Since  the  speed  is  constant  and  y  m  0, 
Equation  6-1  requires  that 

T  -  D  (6-18) 

Equation  6-3  requires  that 

cos  0  -  1/n  (6-19) 

Equation  fc-2  becomes  upon  substitution  of  Equation  6-19 


®  •  5  V  n2-] 


The  radius  of  turn  is 


V 

5 


The  drag  is  defined  as 


D  -  |  pSV2C0 


(6-20) 


(6-21) 


(6-22) 


The  drag  coefficient  Cq  Is  a  function  of  altitude,  Mach  number,  and 
lift  coefficient,  C^.  The  lift  coefficient  is  related  to  n  through 


2W 


(6-23) 
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Glv«n  Che  spaed  and  altitude,  Cq  Is  obtained  from  Equations  6-18  and 
6-22.  Is  determined  from  the  relation  between  C^,  CQ,  M,  and 

altitude.  Finally,  n  is  derived  from  Equation  6-23.  Thus  n  as  a 
function  of  V  for  T  ■  D  It  like  that  illustrated  In  Figure  6-3. 
Superimposed  on  Figure  6-3  .ire  the  aerodynamic  and  structural  limits. 


Figure  6-3  Sustained  Level  Flight  Load  Factor 

Data  like  that  in  Figure  6-3  Identifies  n*  and  the  apeed  for  optimal 
n,  Vn*.  Maximum  bank  angle  P*  Is  obtained  from  Equation  6-19 

P*  .  cos  \l/n*) 

Relative  to  turning  rate,  substitution  of  the  relation  between  n 

e 

and  V  into  Equation  6-20  gives  0  as  a  function  of  V.  The  result  Is 


presented  in  Figure  6-4. 
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Figure  6-4  Sustained  Level  Flight  Turning  Rate 


The  global  maxlnuan  sustained  value  for  the  turning  rate,  o",  and  the 

corresponding  optimal  speed  V»*,  are  indicated.  This  solution  Is 

c 

correct  if  the  value  of  n  corresponding  to  o*  is  interior.  If  not, 

*  if 

0  is  constrained  by  the  maximum  allowable  load  factor. 

Substitution  of  Equation  6-20  into  Equation  6-21  gives 

V2 

*0  -  ~7==  (6-24) 

g  V  n2  -  1 

The  relation  between  n  and  V  when  substituted  into  Equation  6-24  gives 
data  like  that  in  Figure  6-3.  As  before,  the  value  of  n  corresponding 
to  minimum  must  be  compared  with  the  constraints  on  maximum  allow¬ 
able  load  factor.  Presentations  like  the  data  in  Figures  6-3  through 
6-5  along  with  the  maximum  allowable  load  factor  identify  optimal 
values  for  the  load  factor,  bank  angle,  turning  rate,  and  turning  radius. 


6-8 
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figure  6-3  Sustained  Level  Flight  Turning  Radius 


We  now  turn  our  attention  to  the  special  case  of  a  parabolic 


aerodynamic  polar.  The  aerodynamic  relation  is 


C0  -  C0q  ♦  K  Cl£ 


where  and  it  are  assumed  to  be  constant.  Substituting  Equation* 


6-18  and  6-23  gives 


V  P£ 

V  V  2K 


<T  -  I  PSV2CDo) 


(6-23) 


Substitution  Into  Equation  6-20  gives 


v  I  (T  *  T  nsy2cr‘  >  -  1 

V  |  2KW^  *  ~v 


(6-26) 
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The  relation  for  Is  shown  In  Equation  6-21,  and  can  be  rewritten 


thus 


*0  • 

Equations  6-25  through  6-27  and 
cos  P  »  1/n 

define  the  relationships  between  the  turning  performance  variables,  the 
speed,  the  altitude,  and  the  aircraft  characteristics.  Hereafter,  It 
will  be  assumed  that  the  aerodynamic  coefficients  and  the  thrust  are 
independent  of  speed.  The  problems  wnlch  will  be  addressed  are  the 

e 

derivation  of  the  speeds  which  sixisil!!  n  and  o  and  minlmi?e  R  r 
It  is  easily  shown  that  the  speed  which  maximises  n,  Is 


V2/s 


2 

QSV* 

2KVI2 


(T  - 


1 

J 


psv2c£ 


)  -  1 


(6-27) 


V 


0SCD, 


The  global  maximum  value  of  n,  n*,  is 


n* 


T  .  L  , 

w  'o  W 


(6-28) 


(6-29) 


Whether  or  not  this  is  a  feasible  solution  Is  dependent  upon  whether 
or  not  Vp*  and  n*  are  intarior  to  the  aerodynamic  and  structural  llmita. 
It  should  be  pointed  out  that  there  is  an  alternate  way  for  deriving 
Equation  6-29.  From  the  definition  of  n  and  T  »  D,  it  follows  that 


n 


L  t  11 
W  ’  D  W 


‘-10  ,02-8-6  9 
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Thus  the  maximum  value  of  n  Is 


"*  •  <  5  u  > 

which  reduces  to  Equation  6-29  If  the  thrust  Is  Independent  of  speed. 
The  relation  between  n*,  L/Q%  and  T/W  Is  presented  in  Figure  6-6. 
Maximum  bank  angle  Is  determined  directly  from 

cos  P*  -  1/n* 

\ 

end  Is  presented  in  Figure  6-7. 

e 

The  speed  which  maximises  o»  V**  la 

y 


v*  . 
0" 


,  _W_  > 

n2s2c0 

o 


(6-30. 


which  is  recognized  as  Che  speed  for  maximum  L/D.  Substitution  into 

•  •  * 

Equation  6-26  gives  the  global  maximum  value  for  0,  a 


Maximum  sustained  turning  rate  Is  presented  in  Figure  6-8. 

For  minimum  Rg ,  R^f  the  optimal  speed,  VR*  is 

Q 


Minimum  radius  of  turn  is  presented  in  Figure  6-9. 

6-u  -62^6$* 


(6-32) 


(6-33) 
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(L/D) 


j ruing  Rate  for  Level  Flight 


Level  Flight  Turning  Radius 


Relative  to  the  optimal  speeds  derived  previously,  it  can  be 


easily  shown  that  at  the  same  altitude 

V  -  V  £  V  £  X* 

The  equality  follows  from 

cos  0*  -  1/n* 


(6-34) 


from  Equations  6-23  and  6-30 


From  Equation  6-29  and  n*  > 


T/pSCp0 

2w  nr 

PS  V  CD0 


i  ( k  > 

w  D  MAX 


1  for  level  flight  turning,  it  follows 


that 


V  .  >  V.* 

n*  —  a* 


From  Equations  6-30  and  6-32 


Therefore 


V 

VR  * 


)  - 


2 U 

P!_ 


cDo 


4V2 . 4. 
pST 


•  Tt  (  “  )  >  l 

w  D  MAX  ~ 


V.  >  V-  . 
a-  -  V 


In  Equation  6-34  strict  equality  holds  if  n*  w  1.  This  corresponds  to 
the  subsonic  celling. 

6-16 


J«-26S^r 
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Sensitivity  Analysis 

The  sensitivity  of  the  turning  performance  variables  to  changes 
in  the  aircraft  characteristics  is  presented  in  Table  6-1  where 


A 


ST/W 


dT/W 

T/W 


*  SVD 


dL/D 

L/D 


♦  Sh 


dW/C0<)S 

sw/cDos  vr/c0“s 


and  A  is  the  relative  change  in  the  turning  performance  variable 
(e.g.,  dn*/n*).  The  sensitivity  paraaetera  S^y  and  for  the  bank 

angle,  turning  rate,  and  radius  of  turn  are  presented  in  Figures  6-10 
through  6-12,  The  conclusion  to  be  drawn  fron  these  data  is  that  an 
Increase  In  L/D  relative  to  an  equal  Increase  In  T/U  reeults  in  an 

e 

equal  change  in  n*  or  0*,  an  increase  in  G*,  and  a  decrease  in  8^*. 
Thus ,  for  sustained  level  flight  turning  performance  tne  biggest 
Improvements  result  from  an  Increase  In  maximum  L/D  ratio. 


Level  Flight  Accelerating  and  Decelerating  Turning  Performance 

We  present  here  only  the  general  theory  of  nonsteady  state  level 
flight  turning  performance.  Tne  analytical  derivation  of  the  trajec 
tory  is  beyond  the  scope  of  this  effort  and  will  be  presented  in 
Volume  II.  Refer  to  Figure  6-13  which  is  the  same  as  Figure  6-3. 
Interior  to  the  maximum  allowable  load  factor  are  the  two  regions 
T  <  0  and  T  >  D.  The  curve  T  -  0  was  examined  earlier  and  Is  the 
constant  speed  situation. 

There  are  three  situations  which  requite  examination.  They  all 


depend  upon  the  initial  speed,  load  factor,  and  bank  angle.  From 
Equations  6-1  and  6-3  for  level  flight 


TABLE  6-1 


SUSTAINED  LEVEL  FLIGHT  TURNING  PERFORMANCE  SENSITIVITY  PARAMETERS 


Variable 


his 


SL/D 


SW/Cr 


•J  n*^-l  sec'^n*  S 


T/M 


2<n*-l) 


2n*»l 

2(n*-l) 


1 

2 


V 


-n 


n*  -1 


2n*^-l 

n*2-I 


@h 


n* 


T 

W 


L 

D 


) 

MAX 


6-IB 


6^-2^  9 


V 


(6-35) 


n  cos  t  •  l 


(6-36) 


Consider  first  the  situation  where  the  initial  point  corresponds 
to  point  A  in  Figure  6-13. 


Figure  6-13  Accelerating  and  Decelerating  Turning  Performance 


e 

Since  T  <  D,  V  <  0  froa  Equation  6-3$.  Consequently,  the  speed 
decreases  until  the  curve  I  •  D  is  reached  at  point  A'.  Point  A'  is 
a  stable  point  in  that  a  perturbation  in  the  speed  will  result  in 
the  speed  returning  to  the  point  A*.  Also,  along  A  -  A*  n  and  0 


6-22 
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If  point  B  represents  tha  Initial  state,  then  T  >  D  and  V  >  0. 
Therefore,  the  spaed  Increases  until  the  curve  I  ■  D  Is  reached.  The 
point  B'  Is  also  stable.  The  load  factor  and  bank  angle  are  constant 
along  B  -  B' . 

When  point  C  represents  the  Initial  state,  the  trajectory  corres¬ 
ponds  to  the  path  C  -  C*  -  C".  Since  T  <  D  at  point  C,  V  <  0  and  the 
speed  decreases  at  constant  P  and  n  until  point  C*  Is  reached.  Since 
point  C'  Is  on  Che  aerodynamic  limit  and  T  <  D,  the  speed  decreases 
along  the  aerodynamic  limit  until  point  C"  is  reached.  On  the  aero¬ 
dynamic  limit  both  P  and  n  decrease  as  V  decreases.  Point  C"  is 
unstable  since  a  perturbation  in  the  speed  causes  the  speed  to  move 
away  from  C".  If  the  perturbation  is  positive,  T  >  D  and  the  speed 
increases  until  the  curve  T  ■  D  is  reached.  If  the  perturbation  Is 
negative  the  speed  decreases  with  a  stall  occurring. 

Thus,  Figure  6-13  illustrates  the  sequence  of  events  for  level 
flight  turning  maneuvers. 

Turning  Performance  for  Constant  Speed  and  Flight  Path 

The  analysis  here  has  application  to  both  ascending  and  descending 
flight.  Since  the  speed  and  flight  path  angle  are  constant.  Equations 
6-1  and  6-3  give 

T  -  D  ♦  W  sin  Y  (6-37) 

n  cos  P  m  cos  Y  (6-38) 

Consequently,  the  thrust  control  maintains  constant  soeed  while  load 
factor  and  bank  angle  maintain  constant  flight  path  angle.  The  thrust 


6-23 


as 9  • 
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for  ascending  and  descending  flight  Is  different  due  to  the  difference 
In  the  sign  for  the  flight  path  angle. 

Since  the  flight  path  angle  and  speed  are  constant,  froa  Equations 
6-2  and  6-37  the  heading  angular  rate  Is  also  constant 


•  g  n  sin  0 

0  m  -  - 

V  cos  Y 

Consequently,  Equations  6-39,  6-4,  6-5,  and  6-6  are  lntegrable 


(6-39) 


gt  n  sin  0 

O  —  v  — —  . * ' 

0  V  cos  Y 


x  -  x  ♦  r  cos  Y  (sin  0  -  0o) 


y  -  yQ  ♦  i.  cos  Y  (c°s  o0  *  cos 

a 


*  *  z  ♦  Vt  sin  y 


where  subscript  zero  implies  initial  value.  Clearly,  the  trajectory 
is  a  helix.  The  radius  of  the  trace  of  the  trajectory  In  the  x-y 
plane,  R^,  is 

Kj  -  »  cos  Y 

u  O 

This  reduces  to  the  radius  of  turn  Equation  6-9  for  horizontal  turns. 

By  eliminating  the  load  factor  by  means  of  Equation  6-38,  the 
following  equations  result 

cos  Y 

n  -  . 1 

cos  0 

y2 

Rg  •  —  cos  Y  cot  0 
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Ac 

-  ^Ao 

cot  P 

g 

Ah 

-  At  • 

V  sin  y 

where  Ac,  ,  A1*  are  the  changes  in  the  time,  heading  angle,  and 
altitude  during  the  turn.  The  variables  are  presented  in  Figures  6-14 
through  6-17.  In  Figure  6-17,  the  sign  for  y  and  Ah  is  negative  for 
descending  turns. 

The  sensitivity  of  the  turning  performance  variables  to  changes 
In  y,  f)>  and  V  are  presented  In  Table  6-2  where 


A  -  Sy  dy  ♦  S*  dp  ♦  So  ~  ♦  S 


d  (A?) 


*Y  “r  ^  "  'V  ~v  T 

and  A  is  the  change  in  a  performance  variable  (eq.  dn/n). 


TABLE  6-2 

ASCENDING  AND  DESCENDING  TURNING  PERFORMANCE  SENSITIVITY  PARAMETERS 


Variable 

sy 

SP 

Sv 

sAo 

n 

-tan  y 

tan  P 

0 

0 

Rq 

-tan  y 

2 

-CSC  P 

2 

0 

At 

0 

2 

-CSC  P 

1 

1 

Ah 

cot  Y 

2  . 

-CSC  P 

2 

1 
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0  OS 


Ao (DEG) 


6-16  Time  Required  to  Perform  3  Turn 


Turn 


Summary  of  the  Turning  Performance  Problems 


Analytical  solutions  were  derived  for  constant  speed  and  constant 
flight  path  angle  trajectories.  In  addition,  sensitivity  parameters 
were  determined  for  these  problems.  The  situation  wherein  acceleration 
or  deceleration  occurs  during  a  horizontal  turn  was  discussed  but  no 
solution  v as  derived. 
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SECTION  VII 


LADING  PERFORMANCE 


Problem  Detlnltlon  and  Assumptions 

As  was  the  case  with  takeoff  performance,  the  design  of  an  air¬ 
craft  can  be  influenced  greatly  by  the  requirement  to  land  the  aircraft 
in  a  given  distance.  In  many  of  the  aircraft  today  the  field  length 
required  to  land  the  aircraft  approaches  the  field  length  required  for 
takeoff.  The  two  main  factors  which  influence  the  landing  field  length 
are  the  speed  at  which  the  aircraft  approaches  and  the  braking  capa¬ 
bility  of  the  aircraft  once  it  is  on  the  ground.  The  lower  che 
approach  speed  and  the  higher  the  retarding  force  on  the  ground  Che 


snorter  wi 


•  ee  a.  v.  r  i  -  1  j  1  -  -  -fci.  «•«><•  4  TU I  n  Ket  1  hha  I  aroftr 

1  il  ut  L1IC  L  ItiU  4W>tU4avw.  «•**  +  •*  a*—-  - - — *  - - c-- 


and  faster  aircraft  being  designed  with  sophisticated  flap  and  spoiler 
systems. 

The  determination  of  the  landing  field  length  is  handled  in  much 
the  same  way  as  the  takeoff.  The  landing  is  made  in  two  phases  -  the 
approach  over  the  obstacle  with  a  flare  to  touchdown  and  tne  ground 
roll  to  a  full  stop.  The  field  length  is  defined  as  the  distance  from 
the  obstacle  height:  to  a  full  stop  on  the  runway.  Figure  7-1  illus¬ 
trates  ths  definition  of  the  landing  field  length. 

The  calculation  of  the  landing  flare  and  ground  roll  is  made  with 
the  assumption  that  there  is  no  wind  and  the  aircraft  is  in  a  steady 
state  approach  toward  the  obstacle.  Military  and  civilian  ground  rules 

«.  a.  j  t a  t  .  I  J  « lL  ^...1 —  *-  .iAt.al  t.t  >nn/%  t  f  •<  hVia  f-  A  ^  A  1^11* 

IU1  ACUIU  1115  l  ICiU  AVtlgWil  *'*''*•**  "J  - * - - 

lated  field  length  be  increased  by  a  constant  percentage  to  account  for 
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Figure  7-1  Definition  of  Landing  Field  Length 


variations  In  runway  conditions,  aircraft  braking,  afficiency,  and 
pilot  technique.  For  example,  the  Federal  Aviation  Agency  landing 
field  length  requirement  is  defined  as  the  calculated  landing  distance 
to  a  full  stop  over  a  50-foot  obstacle  multiplied  by  the  constant 
1.667.  In  determining  landing  field  length  requirements  the  engineer 
must  be  knowledgeable  of  the  appropriate  regulations  which  apply  to 
his  aircraft. 

Methodology 

The  calculation  of  the  landing  dlsttv;r  *111  oe  handled  l..  two 
phases.  The  phases  are  the  distance  for  the  approach  over  the  obstacle 
with  the  flare  and  the  ground  roll  distance. 


7-2 


The  approach  and  tiara  will  be  tha  firat  to  be  considered.  The 
distance  covered  In  this  portion  Is  the  distance  from  the  given 
obstacle  height  to  the  point  of  touchdown.  The  approach  is  made  at 
a  steadv  state  glide  slope  at  an  approach  speed  determined  by  the 
approach  C^.  The  equation  for  approach  speed  1st 


VAPP 


2W/S 

N  °ClAPP 


(7-1) 


The  approach  is  determined  frcn  aerodynamic  characteristics  of  the 
aircraft  in  the  landing  configuration  and  established  under  military 
or  civilian  ground  rules.  For  example ,  KIL-C-5011A  specifies  that 
the  approach  speed  shall  be  at  least  120*  oi  she  power-off  stall  •peed 
for  the  landing  configuration.  For  this  case  the  approach  would  be 


cL 


'APP 


Clsiall 

1.44 


(7-2) 


The  aircraft  attitude  during  approach  should  be  such  that  the  main  gear 
will  be  the  first  point  of  contact  with  the  runway.  If  the  angle  of 
attack  at  the  approach  Is  such  that  the  aircraft  tail  will  strike 
the  ground,  then  the  Cl  should  be  reduced  to  allow  ground  clearance. 

To  be  conservative  the  ground  clearance  is  usually  checked  with  the 
struts  compressed. 

Equation  7-1  would  then  glva  the  speed  at  the  obstacle  height  to 
begin  calculation  of  the  HUtme#  to  touchdown.  This  distance  can  be 
determined  by  examining  Figure  7-2. 


7-3 


7-4 


I 


To  solve  Equation  7-5  ve  must  determine  expressions  for  Y  *nd  R  in 
termt>  of  known  aircraft  parameters  and  forces. 

For  the  steady  state  approach  the  sues  of  the  forces  parallel  to 
the  flight  path  is 


D  -  T  ♦  W  sin  Y  (7-6) 

and  the  sum  of  the  forces  perpendicular  to  the  flight  path  Is 

L  •  W  cos  Y  (7-7) 

Solving  Equation  7-6  for  sin  Y  end  Equation  7-7  for  cos  Y  *nd  dividing 
gives 


sin  Y 

cos  Y 


tan  Y 


(7-8) 


For  small  angles  and  steady  state  conditions  tan  Y  <«  Y  radians  and 
L  -  W,  therefore 


Y  -  £75  -  T/Vf  (7-9) 

The  acceleration  normal  to  the  flight  path  needed  to  flare  Is  attained 
by  rotating  the  aircraft  to  a  slightly  higher  Cl  defined  as  C^.  The 
lift  force  is  then 


V  -  cL*  |  pv^s 

The  force  noicvaal  to  the  flight  path  Is 


(7-10) 


FN  •  L'  -  W  cos  Y  *  L*  -  W 


(7-11) 


7-3 


During  the  steady  state  approach  and  glide  the  lift  force  is 


1  -  c'-appTPv2s 


(7-12) 


and  can  be  assumed  equal  to  the  weight.  If  we  set  Equation  7-12  equal 
to  the  weight  and  divide  Equation  7-10  by  ?-12  the  result  is 


L’ 

V 


CL* 


-I. 


‘APP 


or 


C 


cl 

:lapi 


(7 -13) 


This  assumes  that  the  velocity  (V)  is  essantially  constant.  Substi¬ 
tuting  Equation  7-13  into  Equation  7-11  the  result  is 


CL’ 

yN  _  W  --i-  -  W 
lapp 


w  (  -  1) 


CL 


■AFP 


but 


n  -  L’/W  -  CL7CL 

where  n  is  defined  as  the  load  factor.  Therefore, 


Fn  -  W  (n-1) 


(7-14) 


The  acceleration  normal  to  the  flight  path  /or  the  flare  is 


aN 


(7-15) 


7-6 
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and  from  the  relation  of  angular  velocity  to  the  corresponding  linear 
velocity 


therefore,, 


fil  V 

dt  "  R  (7-16) 


Substituting  Equation  7-16  into  7-15  gives 


*n  - 


£ 

R 


(7-17) 


The  normal  force  to  the  flight  path  is 


(7-18) 


Substituting  Equation  7-14  and  7-17  into  Equation  7-18  gives 


W  (n-1) 


V  y2 

g  R 


Solving  for  R  gives 


y2 

R  “  g  (n-l) 


(7-19) 


4 


From  Equation  7-10 


and 


ill  ?  - 

S  PCL» 


L’  -  n  W 


7-7 


9 


Therefor*, 


pSCL’g  vn-l) 

Substituting  Equation  7-20  and  7-9  into  Equation  7-5  gives 


(7-20) 


-3) 


1  _  i 

l7d  w 


pSCL’g  (n-l) 


CL  -  n  Cl 


Therefore,  the  distance  to  clear  a  50-foot  obstacle  in  terms  of  air¬ 
craft  parameters  and  approach  conditions  is 


SO 

1  T 


H(  -L.-I) 

s  l7d  w 


( 175  ’  w  }  PcW(n“l) 


(7-2i) 


The  stopping  distance  after  touchdown  (SG)  can  be  determined  in 
the  same  way  as  the  takeoff  in  Section  II.  To  be  conservative  we  can 
assume  thut  the  touchuown  speed  is  equal  to  the  approach  speed  and  that 
the  derotation  is  instantaneous.  The  velocity  (V)  and  acceleration  (a) 
at  any  time  are  defined  as 


v  -  55. 

dt 


dS  -  V  dt  and  dt  «  — 


Therefore, 


(7-22) 
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Assuming  the  no-wlnd  condition,  the  ground  stopping  distance  is  defined 


as 

SG  -  /  °  JLdJL  (7-23) 

v  « 

VID 

where  -  touchdown  speed. 

Figure  7-3  shows  the  forces  acting  on  the  vehicle  during  the 
braking  portion  of  the  ground  roll. 


Roll 

To  solve  Equation  7-23  an  expression  for  acceleration  (a)  in  terns  of 
aircraft  parameters  must  be  determined,  The  stopping  frictional  force 
(Fj)  between  the  runway  and  the  tires  is  defined  as 

Ff  -  |iN  -  n  (W  -  L)  (7-24) 


7-9 
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The  external  force  acting  on  the  vehicle  Is 

Fa  «  a*  «  -  a  (7-25) 

8 

The  remaining  forces  are  lift  (L) ,  drag  (D),  thrust  (T),  and  weight  (M). 
By  summing  the  forces  acting  on  the  aircraft  parallel  to  the  direction 
of  motion  the  result  Is 

T  -  D  -  (i  (W  -  L)  -  |  a 

Solving  for  (a)  gives 

Substituting  the  definition  for  lift  (L)  and  drag  (D)  which  are 
L  -  qS  and  0  ■  qS 

the  expression  for  (a)  becomes 

*  “  8  [  )  *  <1  ^  (CD  -  (1  cl)  ]  (7-26) 

Substituting  Equation  7-26  into  7-23  gives  the  expression  for  the 
ground  roll  distance  (Sq), 

Sg  -  /°  — - - -  (7-27) 

vtd  8  L<  -  n>  -  q  !  (Cp  -  cL)  ] 

Equation  7-27  can  now  be  solved  by  numerical  integration  to  give 
the  ground -roll  diotmee.  However  for  the  nurnoits  of  nrelimlnarv 
design,  assumptions  can  be  made  to  give  An  analytic  expression  for 
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the  grand  roll  distance.  These  assumptions  are  that  Cq  -  cDq* 


■  aad  the  thrust  are  all  constant. 

Substituting  the  expression  for  q»  Equation  7-27  nay  be 


S  G  -  / 


V  d  V 


^  8  £(  y  -  4)  -  (C0  -  |i  CL)  ] 


Equation  7-28  can  then  be  reduced  to  the  form 


Sc  -  A  J 


V  d  V 


Vu)  -“2  •  V2 


where  and  A  aro  defined  as 


T 

U  "  ~ 

K  w 


ps 


-  -cr 


2W  <C^G  "  ^  ClG^ 


A  - 


SPS  <r  r  ^ 

“2W  (C°G  ’  »  CLG) 


C2  is  the  parameter  used  ir.  the  takeoff  calculation. 

Equation  7-29  can  be  written 


'TD 


SG  -  A  J 


V  d  V 
B2  ♦  V2 


and  integrating  gives  the  analytical  expression 


*  -  ®2  *  vni2 

s=  ■  5  ln  — - 
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written 


(7-28) 


(7-29) 


(7-30) 


(7-31) 


(7-32) 


Assuming  that  V'QJ  "  VAP*  Equations  7-1,  7-30,  and  7-31  can  be  substi¬ 
tuted  into  Equation  7-32  to  give  a  generalized  solution  for  the  ground 
roll.  The  results  of  this  procedure  are  presented  in  Figures  7-4,  7-5, 
and  7-6.  Figure  7-4  presents  the  approach  speed  as  a  function  of  known 
aircraft  parameters  and  altitude.  Figures  7-5  and  7-6  give  the  ground 
roll  in  terms  of  known  aircraft  parameters  and  altitude.  In  Figure  7-6 
Vm  Is  equal  to  V^. 

Another  approach  for  determining  the  ground  roll  is  based  upon  the 
assumption  of  average  acceleration.  This  leads  to  a  rlmple  form  for 
the  ground  roll  that  can  be  solved  very  quickly.  In  Equation  7-26  we 
can  see  that  if  the  aerodynamic  coefficients,  thrust,  and  ^  are 
fairly  constant,  the  acceleration  will  vary  with  the  speed  squared. 

This  is  illustrated  in  Figure  7-7. 

The  average  acceleration  (a)  will  then  ba  (aj  ♦  a2>/2  and  the 
average  speed  squared  Is  defined  as  being  at  this  point.  Writing  this 
term  in  equation  form  we  get 


?  .  °*  vis 


Solving  for  V  gives 


-  0.707  Vn 


(7-33) 


Equation  7-26  can  then  be  written  as  an  average  constant  acceleration 


a  —  o  I  1  .  m  ^  -  n  §  ( r..  /-.  'iT 

"■'k.'yj  r-*  ’  >(  »-j 


(1  _7Z.\ 

>•  —  -  r 


where  q  and  T  are  evaluated  at  V. 
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Figure  7-5  Landing  Parameters  for  Ground  Roll 


SEE 


Figure  7-7  Acceleration  Vs.  Velocity  Squared 


With  a  constant  acceleration  Equation  7-23  can  be  integrated  and 
written 

SG  -  “  Ff  V 


a  2  ..  J  a  Im  Fa* 

l#  iuiu  n |  sad  wsa  aiiw*  »ti 


7-31,  respectively,  Equation  7-35  vould  be 


SG 


A  •  VTP2 
2  (B2  ♦  Vro2/2) 


The  results  obtained  in  Equations  7-35  and  7-36  are  in  excellent 
agreement  with  those  obtained  in  Equation  7-32. 
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Situations  where  drag  devices,  such  as  drag  chutes,  flaps, 
spoilers,  and  thrust  reversers  are  employed  can  also  be  handled  using 
Figure  7-6.  These  problems  are  handled  as  follows.  If  drag  chutes 
are  used,  they  are  released  at  some  time  after  touchdown.  Assuming 
average  accelerations  gives  the  following  equation 

sG  _  ;  1  m  ♦  /  m 

V7D  ai  VCH  «2 

where  aj,  &2  are  average  accelerations  over  each  Interval  and  is 
the  speed  at  which  the  chute  Is  deployed.  Chute  deployment  is  assumed 
to  be  Instantaneous.  The  speeds  at  which  a^  and  &2  are  evaluated  are 


Substituting  A  and  B,  appropriately  defined  over  each  interval,  and 
rearranging  the  resulting  equation  gives 
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For  this  example  and  &2  would  be  Cha  sane.  Aj  and  A2  differ  by  the 
Increase  In  the  chute  drag.  Comparison  shows  that  the  first  and  third 
terms  are  like  Equation  7-36.  Consequently,  Figure  7-6  can  be  used 
directly  where 

VR  "  V1  ■  •J  Vc^  ♦  for  the  first:  part 

Vg  -  J~2  V2  •  Vqjj  for  the  third  part 

The  second  term  is  different  fro*  Equation  7-36  since  does  not 
appear  in  the  numerator.  But  fcr  practical  probleas  can  be  dropped 
from  the  second  term  since  its  contribution  is  negligible.  Thus  the 
second  term  is  similar  to  Equation  7-36  except  for  the  factor  two.  The 
contribution  from  this  tern  to  Sq  cen  be  obtained  from  Figure  7-0  with 


VR  •  VCH  but  lt  ®u*f  multiplied  by  two. 

As  an  example,  assume  the 

following  values 

B  2 
Bl 

m 

B22  -  2,1  X  106 

A1 

- 

1.2  x  105 

*2 

m 

0.36  x  105 

VTC 

- 

300  feet/second 

VCH 

- 

250  feet/second 

Let  subscripts  1,  2 

,  3 

refer  to  the  first. 

second,  and  third  parts 

in  Sq.  Mow 

VR 

m 

J  1.525  x  105 

for  the  first  part 

VR 

- 

250  for 

the  second  and  third  parts 
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Prow  Figure  7-6 


SGl  -  4200  feet 

•  1700  feet 

S “  500  feat 

Substitution  into  Equation  7-37  gives 


SG  -  4200  -  2 (17 OQ)  ♦  500 

•  1300  feet 


With  no  drag  chute,  the  ground  run  would  be  based  upon  Vg  »  300.  The 
ground  run  for  this  case  is  2300  feet. 

For  thrust  reversers  the  situation  Is  different  from  the  previous 
case.  As  an  example,  the  thrust  reverser  is  engaged  after  touchdown 


at  speed  VCj^  and  disengaged  at  speed  before  sera  speed  is 

reached.  This  is  to  prevent  foreign  injection  into  the  inlet.  The 


relation  for  ground  run  is  as  follows t 


SG 


VCHj. 

J 


ai  vCHl 


m*  j 

a2  vCH2 


VdV 

a3 


Integrating,  as  before,  gives 

V  2  _  v  2  u  2  y  2  y  2 

1  VCH1  *TD  1  vCH2  VCHi  vCH2 

S G  -  —  (  - 4 -  )♦  —  C  - = - -)  -  — - 

al  2  a2  2  2a3 

where  a^.  s2 »  a3  are  also  computed  in  the  same  way  as  in  the  previous 

exan.p  1  a . 
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Substituting  A  and  B  gives 


SG  •  T  ( 


2  2 

VTD  -  VCR, 


B,  ♦ 


vcSj  ♦  ^ 


V  4  -  V  4 

*2  ,  CH1  VCH2 

2  V„<\  *  V-- 


2  Vc5, 

* 2  *  — 


CHn 


£} 

2 


21  ( 


*CH2 


B3%!^ 
3  2 


Rearranging  gives 


s=  *  f  ‘ 


2  2 
VTD  *VCH 


L 


2  V, 


CH, 


V  2  *  u  2 

7  VCHi  *  VTD 


Bi  * 


V  2  .  u  2 

7  VCHi  *  VT» 


2  2 
V™  ♦  Vr 


A2  TCHt  T  tCH2 


♦  rr  < 


h2  ♦ 


Wdl  *  vc52 


2  V, 


ch2 


B22  ♦ 


vcSx  ♦  vci2 


V  2 
vCH2 


B,  ♦ 


'CH2 


For  thrust  reversers,  Aj,  A2,  and  A^  are  the  same.  Figure  7-6  can  be 
used  to  determine  an  approxinate  solution  for  Sq.  Breaking  Sq  into 


i  iVi  |/ai  to  tuiu  a^/ply iiig  who  iCisOVityj  w«wa« 
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1  A 

B 

V& 

1  Al 

»l 

v  vd  ♦  vcfi1 

2  *1 

B1 

VCH! 

3  *2 

b2 

V  v  2  .  y  2 
vch2  *  ych2 

4  A2 

vch2 

5  A3 

b3 

vch2 

then  combining  the 

results 

gives  Sq 

Sq  “  -  2Sq^  ♦  S -  2S ♦  Sq^ 


Sg1 

Sc2 

Sg3 


As  an  example*  assume  the  following  values 

Aj  ■  A2  •  A3  —  1.2  x  10^ 

B-2  -  B32  -  2.1  x  106 

2  6 

B2  -  4.0  x  10  (approximately  T/W  •  -  0.3) 

VE)  "  300  feet/seeond 

“  200  feet/second 

VCH2  “  100  feet/second 


«2J>£9 
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From  Figure  7-6 


SGl  -  4200  feet 

Sq^  -  1700  feet 

Sq3  -  1000  feet 

-  50  feet 

Sq^  -  100  feet 

The  ground  roll  Is  therefore 

SG  -  4200  -  2(1700)  ♦  1000  -  2(50)  e  100  •  1800  feet 

Application  end  Sensitivity  Analysis 

In  preliminary  dealgn  work  It  la  desirable  to  have  a  generalised 
chart  available  which  will  predict  landing  characteristics.  This 
chart  is  usually  tailored  to  a  specific  set  of  ground  rules  and  some 
knowledge  of  the  configuration.  For  example,  MIL-C-5011A  states  that 
landing  distances  to  clear  s  50-foot  obstacle  are  based  on  speeds  that 
are  at  least  120%  of  the  power-off  stall  speed,  and  that  ground-roll 
distances  shall  be  for  hard-surface  runways  having  a  braking 
coefficient  (p)  of  0.30.  This  defines  the  basic  ground  rules  fcr  the 
calculation  of  the  landing  requirement.  Additional  assumptions,  such 
as  selecting  standard-day  sea-level  conditions  and  a  nominal  load 
factor  (r.)  of  1.10  for  the  flare,  will  give  the  necessary  information 
to  calculate  landing  distance. 
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The  /approach  and  Clare  distance  is  determined  Cron  Equation  7-21. 
This  equation  can  be  written  as  a  function  of  approach  flight  path 
angle  (y)  by  substitution  of  Equation  7-9  Into  Equation  7-21.  The 
result  would  be 

—  Y 

s.  _  !£  ♦  _ § _  (7.38) 

Y  P  CLAPPg(n‘U 

A  generalized  chart  can  then  be  constructed  as  a  function  of  Y,  W/S, 
and  Cl  for  a  given  density  (p)  and  load  factor  (n)  condition. 

Ai  r 

Figure  7-8  gives  the  results  for  a  sea  level  standard  day  and  a  load 
factor  of  1.10.  Knowing  the  C^p  and  the  desired  approach  glide 
slope,  the  distance  to  clear  a  50-foot  obstacle  can  then  be  determined. 
This  figure  also  shows  the  sensitivity  to  wing  loading  (w/S),  glide 
slope  (y),  and  approach  Cl  for  the  given  conditions. 

The  ground-roll  distance  can  be  determined  from  Figures  7-5  and 
7-6  or  a  generalized  chart  can  be  constructed  using  Che  average  acceler¬ 
ation  method  and  Equations  7-34  and  7-35.  The  results  of  the  average 
method  are  shown  In  Flguro  7-9  for  a  braking  coefficient  of  0.3,  a 
Cqg  of  0.03,  and  a  C^.  of  0.0.  This  figure  gives  the  engineer  the 
visibility  for  variations  In  approach  spoed  and  ground  thrust-to-welght 
ratio.  As  was  the  case  for  takeoff,  the  ground-roll  distance  is  less 
sensitive  to  wing  loading.  The  summation  of  the  results  derived  from 
Figures  7-8  and  7-9  will  give  the  landing  field  length  requirements 
with  no  tolerance  applied.  The  appropriate  tolerance  would  then  be 
applied,  depending  on  the  regulations  under  which  the  aircraft  is  being 
designed. 


00  8 


S/W  (FT‘/LB) 


Landing  Ground  Roll  Distance, 


Summary  of  Land  Performance  Problem 


Methods  were  derived  to  solve  land lng-fi eld -length  distances 
including  approach  to  clear  an  obstacle,  flare,  and  ground-roll 
stopping  distance.  These  methods  pr.  Fld@  the  engineer  the  means  to 
quickly  evaluate  the  landing  requirement  based  on  design  parameters. 
Sensitivity  to  parameter  variations  is  quickly  visualized  with  the 
development  of  appropriate  charts. 
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SECTION  VIII 


AN  EXAMPLE 


As  an  example  of  the  utility  of  the  methods  derived  herein,  an 
P4C  combat  air  patrol  (CAP)  mission  will  be  examined.  The  mission  la 
defined  in  Figure  8*1.  The  segments  which  can  be  handled  are  segments 
8,  C ,  H,  and  1.  Segments  A,  E,  and  F  are  configuration  dependent  and 
generally  are  not  suitable  for  evaluation  by  generalized  handbook 
techniques.  Segment  G  involves  only  a  woight  change.  Endurance, 
segment  D,  car  be  handled  if  the  altitude  or  speed  are  specified. 

Three  distinct  external  configurations  must  be  considered.  For 
Segment  8  and  part  of  C,  the  P4  la  equipped  with  missiles  and  two 
different  types  of  external  fuel  tanks.  During  these  portions  of  the 
mission,  fuel  is  used  tram  one  of  the  tanks  -  when  empty  the  tank  is 
dropped.  During  the  remainder  of  segment  C  the  fuel  is  used  from  the 
other  tank.  For  the  return  cruise,  segment  H,  the  configuration  is 
clean  -  there  are  no  external  fuel  tanks  or  missiles. 

The  first  step  is  the  evaluation  of  the  trajectory  aiong  segment 
8  which  1 6  the  climb  portion.  The  starting  altitude  and  weight  are 
known,  The  end  welgnt  and  altitude  are  unknown  and  will  be  determined 
in  conjunction  with  the  initial  cruise  solution.  The  best  climb  speed 
is  determined  from  Equation  3-18. 


V 


f  — *- 

3psc0o 


rim 

**  w 


.ITT? 

V  " 


~7_->  T-  J  > 
vw*"max;  J 


(3-18) 
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DISTANCE 


A.  Warm-up,  take-off  and  accelerate;  5  min.  with  normal  power  plus  1  min. 
with  afterburner. 


T>.  Clii'.b  or.  course  to  optimum  cruise  altitude  with  military  power. 


C.  Cruise  out  at  ootimum  cruise  altitude  and  speed  for  long  range. 


D.  Patrol  at  speed  and  altitude  for  maximum  endurance. 


E.  Clitnb  to  acceleration  altitude  with  maximum  power. 


F.  Accelerate  with  maximum  power  at  acceleration  altitude  from  cruise 
speed  to  M  ■  1.5  and  remain  at  this  speed  and  altitude  for  2  min. 
at  maximum  power . 


G.  Expend  missiles. 


II.  Cruise  lr.  at  optimum  cruise  altitude  and  speed  for  long  range. 


I.  Reserves:  20  min.  at  speed  for  maximum  endurance  at  sea  level 
(2  engines  operating)  plus  551  of  the  initial  fuel  load. 


Figure  8-1 
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COMBAT  AIR  PATROL  MISSION  DEFINITION 
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Unfortunately,  both  sides  of  Equation  3-18  are  functions  of  Mach 
man  bar.  Therefore,  an  Iterative  approach  is  required.  The  substitu¬ 
tion  of  Cqo,  (L/°)maX*  JlIU*  st*  level  military  thrust  as  functions  of 
Mach  number  into  Equation  3-18  gives  approximately  M  -  0,6  at  sea 
level.  This  yields  (L/D>maX  equ*l  to  8.87  and  T0/W  equal  to  0.337. 

This  combination  of  (L/0)],^  and  T0/W  yields  a  maximum  altitude,  Hj^, 
of  approximately  33,000  feet.  At  this  altitude.  Equation  3-18  gives  M 
equal  to  0.83.  To  compensate  for  the  variation  in  Mach  number  with 
altitude,  ve  select  the  average  of  the  Mach  numbers  at  sea  level  and 
hMAX*  **  a  consequence,  the  sea  level  thrust-to-veight  ratio  becomes 
0.363.  This  represents  a  2.2X  change  in  Tn/W.  SFC,  Cq0,  and  (W^hax 
are  1.12  pounds/hour/pound ,  0.0227,  and  8.87,  respectively.  The 
solutions  for  time,  (tc),  fuel  (Wc),  and  range  (X;  in  climb  are  pre¬ 
sented  in  Figure  8-2,  The  data  were  obtained  from  Figures  3-4  through 
3-8.  The  end-of-cllmb  weight  will  be  determined  when  the  initial  cruise 
trajectory  is  obtained. 

For  the  cruise  trajectory,  the  first  step  is  the  solution  for  the 
uiv.  w  v.  .1  s  v  Mach  nus  her.  This  can  be  accomplished  by  substituting 
aiid  minimus  SFC  into  Equation  4-38.  Since  SFC  is  nearly 
constant  for  the  K4C  during  cruise,  the  approach  will  be  to  maximise 
MOU'D))^.  Thus  best  cruise  Mach  number  is  the  solution  of 

MAX  M  •  (L/D)^  (8-1) 

Best  cruise  Mach  number  for  the  three  configurations  is  approximately 
0.83.  The  best  fit  of  a  parabolic  polar  form  to  the  experimental 
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data  gives  the  following  theoretical  aerodynamic  coefficients i 


Configuration 

C°o  K 

Jo 1 

(L/DJhax 

7.92 

A 

,0250 

.231 

.056 

B 

.0232 

.231 

.056 

8.28 

c 

.0204 

.231 

,056 

8.97 

The  reason  for  no  change  In  K  and  Cl’  Is  that  the  experimental  data 
for  configurations  A  and  B  were  obtained  by  the  addition  of  constant 
drag  increments  to  the  data  for  the  clean  configuration. 

The  cruise  segments  requirs  iteration  sines  either  or  both  final 
and  initial  weights  are  unknown.  For  the  initial  cruise  segmetai., 

M  «  0.85  and  the  aerodynamic  data  are  substituted  into  Equation  4-34. 
The  resulting  solution  for  cruise  weight  as  a  function  of  altitude  is 
presented  in  Figure  8-4.  The  intersection  of  the  initial  climb  and 
cruise  trajectories  defines  the  initial  cruise  weight,  49,750  pounds. 
The  final  weight  for  the  first  outbound  log,  48,9b7  pounds,  occurs 
when  the  first  external  fuel  tank  ia  empty.  The  SFC  lc  1.08  pounds/ 
hour/pound.  The  initial  rang#  factor  from  Equation  4-39  is  3636 
nautical  miles.  The  cruise  range  from  Equation  4-40  is  56.1  nautical 
miles.  Tho  calculations  are  based  upon  A  -  1.235. 

At  this  point  we  can  make  a  comparison  between  the  predictions 
and  the  generalized  F4C  data  for  the  initial  climb  and  cruise 
segments. 
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CONFIGURATION 


DESCRIPTION 


A 

B 

C 


First  outbound  cruise 
Second  outbound  cruise 
Return  cruise 


(L/D) 


Figure  8-3  Maxlaua  L/D 
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CONFIGURATION  DESCRIPTION 

A  First  outbound  cruise 
B  Second  outbound  cruise 
C  Return  Cruise 


Figur*  8-4 
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52.0 


51.0 
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Figure  8-5 


Initial  Climb  and  Cruise 
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F4C  Data 


Initial  Climb: 

Initial/Final  Weights 

51,500/49,750 

51,500/49,757 

Final  altitude 

30,400 

30,400 

Xiao  (hour) 

0.150 

0.123 

Distance  (nautical  miles) 

67 

58 

First  Outbound  Cruise  Leg: 

Initial/Final  Weights 

49,750/48,987 

49,757/48,987 

Initial/Final  Altitudes 

30,500/30,900 

30,400/30,700 

Cruise  Mach  number 

0.850 

0.859 

Distance 

36 

55 

Time 

0.112 

o.no 

P4C  cruise  data  are  based  upon  the  larger  of  the  speeds  for  99X  ot 
maximum  nautical  mile  per  pound.  A  factor  of  5%  Is  also  included  in 
the  SFC. 

The  Initial  weight  for  the  second  outbound  leg  is  48,307  pounds. 
The  final  weight  la  obtained  from  the  F4C  data  and  is  46,569  pounds. 
Seat  cruise  Mach  number  is  0.85.  L/Q  is  8.28  and  the  SFC  is 

1.08.  The  cruise  performance  is  obtained  in  the  same  way  as  before. 
The  cQcoparison  of  the  predictions  and  the  P4C  date  follows. 
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Second  Outbound  Leg: 

F4C  Data 

Initial/Final  Weights 

48,307/46,569 

48,357/46,569 

Initial/Final  Altitudes 

30,450/31,200 

30,700/32,000 

Cruise  Mach  number 

0.85 

0.86 

Distance 

139 

136 

Time 

0.280 

0.271 

For  the  return  cruise,  the  Initial  and  final  weights  are  obtained 
from  the  F4C  data.  Best  cruise  Mach  niaaber  from  Figure  8-4  is  0.85. 
Maximum  L/D  is  8.97  and  SFC  is  1.08.  A  is  one.  The  comparison  be¬ 
tween  the  estimated  predictions  and  the  F4C  data  are  as  follows. 


Final  Cruise  Leg: 

Estimated 

F4C  Data 

Initial/Final  Weights 

34,320/32,193 

34,320/32,193 

inltlal/Flnai  Altitudes 

38,000/39,300 

38,000/35,750 

Cruise  Mach  number 

0.85 

0,88 

Dlatanco 

259 

250 

Time 

0,531 

0,498 

In  addition  to  the  ciino  and  cruise  portions,  the  available  data 
can  also  provide  an  estimate  of  the  endurance  at  a  given  altitude. 
Therefore,  we  will  consider  segment  I  of  the  CAP  mission.  Five  percent 
of  the  initial  fuel  is  1,076  pounds.  The  empty  weight  plus  this 
reserve  is  30,597,  From  Equation  4-49  the  Mach  number  for  best 
endurance  Is  0,3o.  The  thrust  required  is  derived  from 


T 


2,985  pounds 
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From  the  engine  performance  data,  TSFC  is  462C  pounds/hour.  Thus, 
for  20  minutes'  operation,  the  fuel  allowance  is  15^0  pounds.  The 
F4C  gives  1595  pounds. 


The  previous  example  deuonst rates  that  the  methods  developed  here 
can  provide  a  near  Accurate  estimate  of  specific  segments  of  a  mission 
profile. 
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Refeience  Sea  Level  Values: 

Density  (RHO)  ■  0.0023769  clugs/cubic  foot 
Pressure  -  2116.2  pounds/square  foot 


B2 l  jo  8 


Hi:  U.s.  STANDARD  AT80SP4E9E 


Sr.'.K:  ALT 

7  E  M  >  1  iATDVE 

jt  3  M4 

DELTA 

<“T> 

<0-15. mo*Arj-:i 

t  D/S .  i.  •  7  40) 

(P72SS/3.L.P-70SS) 

3  . 

. 149300 40? 

.  10 '3  900*3  1 

.100000+01 

1  i  -  • 

.14  71?  -4.1’ 

.997350400 

.996190+00 

•>  *  *• 
t.  t  .  • 

.145040432 

.9-;  4  15  0  +  0  3 

.912730+05 

;< :  •; . 

.  1  1 )  5 ;  402 

.901210400 

.939210*00 

4  ?•: . 

.1410)0+32 

.  485 330*00 

.985630+00 

.uovjoo* 

.995430*50 

.  9 .9  2  0  6  0  *  0  0 

•ji  .  i 

.13PJIE432 

.  98253E4-30 

.979510+00 

7  o  .  . 

.  1 1  C>3  10  ♦  3  2 

.979680*00 

.974960*00 

3  1 0  . 

.  1  ‘  4.i  4  3  2 

.97*192  0  4  DO 

.971430+00 

DC’. 

.!5207i+:2 

.973130*00 

.967930+00 

i  * :  •' . 

.  uro i-  4  32 

.971370+05 

,964330+00 

ii  i  - . 

.12M104  r> 

.969210+00 

.963930*3;? 

i  i  j  ■} . 

.  I2ta  20  4  32 

.965150+01 

.957390+00 

i:jj. 

. 1 241 50  402 

.962510+00 

.931310*00 

14  0 ; . 

.12217041? 

. 95967E+33 

.931440+00 

1  r*  3  0:  . 

. 1201  10  432 

.956940+03 

.‘94597  0  *  0  0 

1 1 1  v  . 

.  11*12  3* +.3.2 

. 934020+03 

.94  351 0*30 

1 7  0.. 

.  1 1 T. 2  00  43  ? 

.951230+03 

.943 9 90*33 

:  i :  i . 

.11424- 432 

.94  9  39  E  +  C 1 

.93665*400 

14  3:. 

.  U226>0 2 

. 94558E+53 

.931230*33 

s .. 

. 11. 210 432 

.  3  4  <3  7  9  0  +  0  5 

.  923  8  ?  0  *  u  i) 

i:  too. 

. ; :  k  5 £  h  :  2 

.919)3S+C3 

.925410+33 

2 . 

. 13 M 20  432 

.937230+03 

.923020+00 

2 7  j  •; . 

.  13  4  340  02 

.934420+30 

.919640+00 

?  4 : ; . 

.13  73  50  4  3 .? 

.931340*03 

.  31527  0*  00 

•  V,  , 

.  1 3  •;  5  1  0  4  3  2 

,929870*90 

.91. 2  910+30 

Ornj  *  . 

.  H  1 )  5  E  4  j  j 

.126110*0 3 

.909560*05 

2?  r. . 

.954110  4.31 

.923360+53 

.903220+36 

2  •  0  w  • 

. 444340 431 

.920510+00 

.902890*00 

j  . 

•  9 ? 45 10*01 

.917370+00 

.999570+00 

3  j  0  v  • 

.  )  -4M0  ‘  Jl 

.91513E+03 

.996260+00 

s  i : : . 

,004  42  0  *3  1 

.91243E+33 

.892950+00 

120  ) . 

0  45  110*01 

.30-967  0  +  0  3 

.999660*00 

i  .3  3 ; . 

.04  5.11:.*  3L 

. 3C633E  +  0  3 

.995390+0C 

54).:. 

,  4  2  5  3  )  0  *  J  1 

, 934230+33 

.893110*00 

3  “  3  0. 

.  9  '  7  5  0  l-  3 1 

. 9 C 13 4 0+03 

.879950*30 

In  3.  . 

.  7101  )?.Oi 

,89. 9  8  4 1  +  03 

.8766:0+03 

371  j. 

. 7560  40  *31 

. 196130+03 

.  873350*  00 

IP  )  0 . 

•  7  4  e  3  9  :  +  C  1 

.833460+00 

.  97  5  120*  3  0 

1900. 

.  7  ■:  :  ■.  4  0  4  2  1 

.  6  0  7  9  0  +  C  3 

.  8  6  6  3  '5  0  *  3  3 

4  3  0  0. 

.  7  oi 

. J 8811 0*05 

•  9)3690  +  3  3 

410'. 

.Ml  57  0  4  3  1 

.99344E  +  3  3 

.850430*00 

4  >  1  *i . 

.iij7j4"*0i 

.882790*03 

.  837  2-30  +  0  3 

4  o  j  .  « 

.64 7? 50  *  31 

.:)5j  12E*3  3 

.854110+03 

4  4  0  . 

.t  2  7  )  .-  *  31 

•  rl77’(7t  +  0« 

.85  3  930  +  00 

t  <ct  •  .  t 

76  5  -:  *  3  1 

.874430+0? 

.947770+03 

.  v  •*  7 1  3  0  ♦  3  1 

.  9  7  2  1  3  ”  *  0  3 

.944810+33 

•  r: 

•  J  3  1 J  J.  *  ’1 

.86955043? 

. 94*4704)C 

■<  v, . . 

.  '-."?*  E  4  3 1 

.969430+' 3 

.R393T0*0'3 

(  4  j  v  t 

.  o  4 .  n  i 

.96411 o* j: 

,915230*03 

j  t  j  * 

5  > r  i  )  1 

.9517  j  0  *  3 " 

. 932010+00 

^produced  from 
»tl  available*  copy, 
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SPEED  OF  SOUMO 
(-T/3EC) 

.  U163E  +  34 
, illfclE+34 
.  niEro+ou 
.111510+04 
.111490*04 
.  11145E+C4 
.11  1910+04 
.  lit  33  0  +  04 
.  111340+04 
.1U33E  +  34 
. U125F  +  34 
.  11122E+  34 
.  111140+04 
. 111140+04 
,111110+04 
.111070+04 
.111032+04 
.  li:9DE4-34 
. 110-950  4  04 
. 11091F  +  04 
•  . li''S7E4  C4 
.  li  840+04 
.1108-50  +  09 
.  1 ;  r  750  +  04 
.il'72E+C,4 
•  1  i  f  4 1“  +  C  4 
.  ii  r  f.i4r  +  59 
.n:tor»34 
.  113570*04 
.11^531+04 
.  11 3  4 ?F  * 04 
.113450+04 
.11041- 4-04 
.  1LC37E+34 
.11 03 30 +54 
.  11C29E+04 
.  1 1 0  2  5  E  +  -5  4 
.  110  22E+04 
.  11M9E  +  04 
.  u  +  i4F  +  C4 
. 110102+04 
.  nrooE  +  04 
.  110C200  4-0  4 
.1)0490+34 
.1)99. 0+:4 
.13990L+04 
.  "4 

.  1  1983 r +04 
.  1J  9792+04 
. 1' 373F+04 
.  n«7iP4-% 
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!.S.  STANDARD  ATMOSPHERE 


PRESSURE  ALT 
(FT) 

5132. 

5233. 

5  30C  . 

54  33  . 

5  5  3  •; . 

5  8  u  • 

5  7  C  2 . 

5  8  3  • . 

543.  . 

5  3  2  3. 

62  3  1 . 

6  i : ; . 
6423. 
n  5  C  ■.  . 

65  3  3. 
6701. 

6  .1  2 . 

•■>  3  3  3 . 

70  02  . 

7 1  3  .  . 

7  2  0  2, 

7  5  2  2 . 

74  2  ,. 

7  5  2.. 

7L  33. 

7  7  22  . 

7*1 2  0. 

7')  3  2 . 

9  0  0  0  . 

913  0. 

°2  a 2  . 

8  3  3  2  . 

9  ,  *j  « « 

8=-o 

SfcGO. 

9  7  3.. 

(110  2. 

9  0  ;  2  . 

9 «.  2  ^  . 

913  2. 

9  2  0  0. 

9  <  J  - . 

94  2  2. 

963  3. 

95  33. 

97  j  »■  . 

9  "  0  1  . 

3  1  3  <j  » 

1 3  .  j  .  . 


T  E  1 3  T  R  A  T  U  ( E 
(D:3.3:‘ITI  VRAOE) 


3I3MA 

(RHO/S.L.9HO) 


4  8  8  3  ;  4  2 1 

.  8  5  9  0  9  E  4  3  3 

4593 3E + 01 

4  4  °  2  3  E 4  01 

.85393:403 

42943*431 

.85131 £43  9 

4C953E401 

.  1417  1  =  4) 3 

33933; >31 

•84615=433 

3703  2E  *  31 

.84153E+03 

35022:401 

•34132E400 

33342; 431 

.83945:400 

31052=  401 

.835  93:40  3 

29C3?2»31 

.33335=400 

27132:4)1 

.  330  92E40  3 

?3 122E  ♦  31 

.82829E403 

23142:431 

.82575E»00 

21152:431 

.82323E433 

19132=431 

•  8  20  71E*0  3 

1722 2=431 

.81820E433 

13222: 401 

.31573E400 

13  =  4  2  =  431 

.81 323E403 

1 L  25  0  :  ♦  3  1 

.81373:403 

9  2  S  2  7  £  ♦  3  2 

.30322=400 

73.28; 4)3 

.9C573E433 

53039:493 

.90325:403 

33432:403 

.30379E403 

1  3  0.34:4  !'• 

.79112=433 

616 332 -31 

7958  76*00 

3  5  95  1=  4 3  > 

.79341*403 

4  3  758 E  4 3  2 

.7  90 97  E  40  3 

;  f  G  0 

.78953E4&0 

8=»;:5  2E  *  3  3 

.786)9:400 

1  :•  5 1  =j  •;  4  j  1 

.78365E403 

1249:;*31 

.78124E40  3 

14474E+01 

•77812E+00 

15454:431 

.77641E400 

.1)43  if; 4 )i 

.77433:400 

2  9  4*.  3E  4  31 

.77163:403 

.2239 ’=4 31 

.75921E400 

.24:72; '*01 

. 766  93  £40  3 

26  :  4  9i 

*7b443E*-G3 

.28331:401 

.75205=400 

.33311:401 

.75 961 £4 30 

.  ’<2293:4)1 

.75737E400 

.  34259E 431 

.  75495E4)  J 

•  t  b  *  0  1 

.75253E403 

.38228=4)1 

.75J25E403 

.49231:431 

.74791E403 

.42187; 4)1 

.74557=403 

•  4  4 1 0  3  E 4)1 

.74324:403 

•  «  1  O  •?  *■  G  1 

.74)91=4)0 

.41125:431 

.73859:403 

DELTA 
(PRESS/S. L. I 
.  8  28  93  E 
. 82583  E 
.02279= 
.31971= 
.  S 1 6  5  4  E 
«  8 1353  E 
. 8 13  53E 
.  8  37  49  E 
, 80445; 
.8D143E 
.793 42 E 
. 7  95  41 E 
.73  241 E 
. 78943E 
. 7  3645  E 
•7B348E 
.78352= 
.  7  77  3  7  E 
. 77453E 
.771701 
. 7  58  73  E 
. 7  55  35  E 
.76295; 
.750 25 E 
.75717; 
.75429; 
.75142; 
,74355; 
.74571; 
.742.37: 
.74303: 
.73721= 
.73439: 
.73159: 
.72374= 
.72500: 
.72321= 
.  7  20  44 ! 
.71763: 
.71492! 
.71217! 
.70943! 
.70573! 
.70393! 
.70127! 
.59357! 
.  59587! 
.59313! 
.59050! 
.53783! 


PRESS) 
>00 
>00 
>00 
>00 
>00 
>00 
>00 
>30 
>00 
>00 
>03 
>00 
>30 
>30 
>0  0 
>00 
■400 
=  400 
=  400 
=  400 
=  430 
243  0 
E400 
=  400 
E40  0 
E4  3D 
E  4  C  3 
E  4  0  0 
E+  C  3 
E4  3  0 
E*  0  0 
=  43  0 
E43  3 

;  4  3  5 

E433 
E4  0  0 
E  4  0  3 

E4  3  0 

E*  3  3 
E4  0  0 
E  4  3  0 
E  +  3  0 
=  403 
E  4  3  0 
E*  Q  3 
E40C 
=  ♦3  0 
;4  0  0 
=  4  0  0 
E4  0  3 


SPEED  OF  SOUND 
(=T/SEC)  - 
. 13967E404 
..  .13463E4C4 
. 13  959E  404 
. 13955E  404 
.10951=404 
.139L8E404 
. 13944E+04 
. 13943E404 
.13936E4C4 
.139322404 
. 13929E404 
. 139. 4E 404 
•13923E4C4 
.  10  916=404 
.109122404 
.13938E404 
.139042434 
.13903E404 
.  13  397E  +  C 4 
•  13393F  434 
.13389E404 
. 13  S85E  +  04 
.133812404 
. 138772404 
.19*73=404 
. 13  369E494 
. 13  865E  4  34 
•13861E434 
.13357E434 
.  . 1335 3E 404 

.  13  949E  404 
. 13845E+04 
.13341:494 
.  13  337E4C4 
.  1J8  33F+34 
.13833E404 
.133252404 
.  13322E404 
.  10  3132  404 
. 10  3 14E  4  3  4 
.13*13=404 
,  1330'5E404 
.138C2E434 
.13793E404 
. 13  794E  +  04 
.1379CE404 
.  13786E434 
. 10782E+04 
•13778E+C4 
.  13774E404 
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1-Vj  *  u.s.  STA.OARO  ATMOSPHERE 


ESSURE  ALT 

TEMPERATURE 

(FT) 

(DEO • Of UTIGRAD 

13130. 

-.5  0  134E+J1 

13233. 

-.52C34E  +31 

1 0  3  0  j  . 

-.540-5  52+31 

104;:. 

-.53332301 

10933. 

-.5HC21E  HI 

10-333. 

-.603-jIE  4-21 

10730. 

- .  6 1  &-j  3  *’  +  3 1 

:c  joo. 

-.4195  !EH1 

1  0  9  3  j  . 

-  .  5  0  9  3  s  E  ►  1 1 

11333. 

- .6791 72  +  01 

1113-3. 

-.69?3S;  +  n 

11233. 

-.71  17  51  ►  Cl 

1 1  o  j  : . 

-.73  414-3  *-01 

11400. 

-.7 3  23  13  01 

1 1  j  3  -  • 

-.  778122  Oi 

116  3  3  . 

-.797912+31 

117-33. 

-.81 7/ 3; +31 

11133. 

-.5374D2+31 

1  1  J  V  J  . 

-  .  rt  i  7 2  \  l  +  31 

1 2  <3  3  3  . 

-.377:72+01 

1213.. 

-.8  9  7-1 5-3  ♦11 

1  233  3  . . 

-.910652*31 

12503 . 

-  • 9  3  64  -i  2  ♦  0  1 

12433. 

-.0552  1; +01 

12903.  ' 

376'.  02+Ci 

12-3 :-.. 

-.1-0'  10; +01 

12700. 

-.i;i5S2+D2 

12  8-13. 

-.  1  3  3543  02 

12900. 

-.135322*32 

1 3  w  . . . 

-.137332*32 

1313:. 

-.:;  3'» 7-3 n. 2 

13  2  3  3. 

-.11143; *22 

1  3  '"3  3 . 

-.11  74  r;  f  3  2. 

1  3  4  3  3  . 

-.ii54i-:»)2 

1 3b  0  3  . 

-.  11  7  1l;  +  32 

l  mo: . 

-.119372*3? 

1  37  C  .i  . 

-.12135-2*32 

15303. 

-.12  31?-'  *32 

1  o  )  .  .  • 

-.175132  *  3  2 

1  4  3  3  u  . 

-.127’-*;  *02 

1410’'. 

-.12  9  2-i  2  +  12 

14  20C  . 

-.13124-3+32 

1  4  5  33  . 

-.1332? -'+02 

14433. 

-  .  1  3  5?  '  2  +  J  2 

1453C. 

-.  1*37172  *  32 

1  4  4  C  0  . 

-.1391 5 2*  3 2 

14713. 

-.1411 3' +32 

14  13-0. 

-.1’.  111E  +3  2 

14923. 

1 4539; +22 

10303. 

-  .  1  4  7  3  7  2  +  G  2 

STOMA 

DELTA 

(RHD/S.L.RHO) 

(PRESS  73 • _ .PRES 

•  73627  E  +  0  3 

.693172+00 

.73395E+20 

.592522+00 

. 7 1 165  E  +  0  3 

.679872+00 

.72U25E+G-3 

.577232+00 

.727)72+30 

.374622+00 

.726732+00 

.571992+00 

.72253E+00 

.669372+00 

•  72. 22  2+ DC- 

.665772+00 

.717  352+00 

.3541/2+00 

.715532+00 

.  .  .551532+03 

.71 142E  +  0  3 

.659U32+00 

.71117E+Q3 

.555432+30 

.7C892F+0J 

.653872+00 

.706532+03 

.551312+30 

.704442+30 

.643772+00 

.7C223E  +  0  2 

.646232+30 

.599932+03 

.697752+03 

.641182+00 

.693542+03 

.638652+ 30 

.593132+00 

.515152+00 

•  59112E  +  0  3 

.533562+00 

.59392E+0 1 

.531172+00 

•  586722  +  00 

.528632+00 

.684532+00 

.625212+00 

.58  233E  +  0  3 

.523742+00 

.5?  317E+00 

.521232+03 

.578032+00 

.513832+30 

.675912+00 

.515392+00 

.57967E+D3 

.613952+03 

.571512*00 

.511532+00 

.569152+00 

.509112+00 

.557212+00 

•5C669E+03 

.6&307E+00 

.504292+00 

.562932+00 

.501892+00 

.599502+00 

•55647E+G0 

.597122+00 

*t>:do55_^0- 

. 59475  2+  0  0 

.654442+00 

.592332+00 

.552332+03 

.593032+00 

.55J22E+00 

.537532+00 

.  548122  +  01 

.535332+00 

# ^  *  0  5 

.533312+00 

•54194E+01 

.580672+00 

.  5  41852  +  0  3 

.573352+00 

.53973E+00 

.575042+00 

•63773E+00 

.571732+00 

.  M3 612  +  0  3 

.571442+00 

.  -3  315  72  +  0  3 

.553152+03 

.331512+33 

.555852+00 

.529432+0 3 

•35459;+00 

Reproduced  from 
best  available  copy-. 


6  9 


SPEED  0-  SOUND 
(FT/SEC) 
.13770E+04 
.  ID  765E+C4 
.10762E+04 
. ID  753E  +  04 
•  10754c  +04 
.  13750E  +  04 
. 13745E+04 
. 137422+04 
.13733E+04 
.  1D734E  +  -34 
.  117332+34 
.137252+04 
.13722E+04 
.10713E+04 
.107142+04 
.10710E+C4 
.  I37f  5E  +  C4 
.  107C  22  +  04 
.  136932  ♦  04 
• 13694; + 04 
.1069JE+34 
.136862+34 
.13682E+DU 
.  13678E+34 
.  13  674E  *-3  4 
•1J670E+04 
.136652+ 04 
.136625+04 
.136592+04 
.136542+34 
.  13653E+  34 
.106462+04 
.  13642E  +  04 
. 13639E+C4 
.13634E+04 
. 136302+04 
.  136252+04 
.136222+04 
.106132+04 
. 13614P»C4 
.10613E+04 
.136062+04 
.  10602E+  04 
. 1J598E+04 
•  13594E  *04 
.10590E+04 
.1D585E+C4 
.136822+04 
.13573E+C4 
.  13574E+C4 


6*1  0  0  8 


ESSU92  ALT 

Tl:iDE-*ATU9E 

< r  T  > 

(0E3.:rNriG9A  )E) 

15130. 

-.149341+02 

15201. 

-.151321+32 

15330. 

-.*33032+02 

15403. 

-.15498E+32 

15531. 

-.15  6961+02 

15603. 

-.15«94E  +  0 2 

15733. 

-,15u9lE+32 

158 JO. 

152591  +  02 

15-3  3:. 

-  .  1  5  4 1  7 1  +  -3  2 

16031. 

-.  l5t.95E  +  32 

15130. 

-  •  15  88  3"  +  3  2 

1  6  2  0  C  . 

l7CSi:+32 

1 6  TO  ' . 

-,172752+02 

1 6  4  3  j . 

-.1747 61 *32 

16501. 

-.176741*02 

1  6  ■'>  3  u  • 

-.178725*02 

1673,. 

-.160701*02 

16633. 

-.152571*02 

1 6  4  j  ■  . 

-. 134501 *02 

17  3.0  ;. 

-. 156431 *02 

1 7 1 ; : . 

-.138311*02 

17?!;,. 

-.1 -0:301*02 

1  /  3  -  3  .  ' 

- .  l-o 23  51*02 

1 7  4  j  ; . 

-.:043i»"*02 

1  7  5  j  . 

-.  1  *40  2-:  *  )2 

1  7  1 .  J  1  . 

-.108501*02 

177:,:. 

-  .  2  0 . 4  8  *  0  2 

1760-. 

-.202451*02 

1  7  J  C  .  . 

443"  •  52 

ia:  jo  . 

-  .  2  3  f  1  2  *  3  2 

16133. 

-.23»V' 2 *32 

1  82  3  0  . 

-.c:r>52*02 

1833.. 

- .  012<4E*0  2 

18403. 

-.21 4521*02 

18803 . 

-.216501 *C  2 

18600. 

-.218271*02 

18700. 

-.220251*32 

1880C  . 

-.222231*32 

18900. 

-.224211 *02 

19303. 

-.226191*02 

19100. 

-.228151*02 

19200. 

-.230141*32 

19300. 

-.232121+02 

19403. 

-.234101+02 

195-33. 

-.236371+02 

1 9n  JC  • 

-.238351+32 

19732. 

-.240331*02 

1 9  8  0  C  • 

-.2420  11  *  32 

1990-’ . 

-,24.5-3  T.  *32 

2  C  2  0  3  . 

-.2 4 53b 1*02 

.  STANDARD  AT  803PHERE 


SI3M4 

DELTA 

RHD/3.L.990) 

(PRESS/S. -.PRESS 

.62741E+G0 

-.552321+00 

.525371  +  3  3 

.563051+00 

.523351+03 

.557811+00 

.521301+53 

.555361+30 

.513271+00 

.553322+00 

.617251  +  0  3 

.551092+90 

.  61-0231*'  3 

.548671+03 

.513281+00 

.346631+00 

.611211+03 

.544441+00 

. 509211+03 

.34224^+30 

.50  7211  +  5  5 

.540051+00 

.00  3222*3  3 

.537832+00 

.50 5232+03 

.535632+09 

.501231+00 

.333512+00 

.599271+00 

.531342*00 

.59730E+D3 

.523192+00 

.395331+00 

.527032+00 

.393371+03 

.324992+93 

.091411+00 

.522752+00 

.389451+03 

.523522+30 

.087511+00 

.318502+30 

.583371+03 

.515392*00 

.56  5531  +  03 

.514272+00 

.38173E+G0 

.512172+30 

.370771+09 

.510072+00 

. 377331+CJ 

.537982+00 

.575931+00 

.6059:2+00 

.574D2E+00 

.533332+00 

.572111+03 

.501752+00 

.373211+03 

.499702+00 

.  5  68  31 E  +  0  3 

.497532*00 

.566421+03 

.  49360  2  +  00 

.364531+00 

. 493552+0 0 

.362631+00 

.491532+00 

.36  177E+00 

.484502+00 

.3583 3 E+0 2 

.437482+00 

.357021+0  3 

.435472+00 

.553152+00 

.43345  2*  0  0 

.55  3  3  .'E  +  0  3 

.431452*00 

.551451+00 

.479472+00 

.5 4950 1+0 3 

. 477432*00 

.547751+00 

.  473  512  +  GO 

.  545911  +  3  0 

.473532*00 

. 544071+00 

.471572+00 

.54.2241  +  0  3 

.469512+00 

.54  ;421  +  0  0 

•45766E+C0 

,3  385  01  +  C  0 

.455712+00 

.53d782+0: 

. 463772*00 

«  534  171  +  00 

.451842*00 

.533131+00 

.459912+00 

SPECD  Or  SOUND 
l-T/SEC) 
.13570E+C4 

•  13565S+04 
.105611+04 
.135571+04 
.105531+04 
. ID  549E+04 
.1D545E+04 
.13541E+04 
. 13537E+34 

•  105331  +  04 
•13529E+04 
.135251+04 
.13521E+04 
.  1D517E  +  34 
,105131+04 
,105091+04 
.105C5E+04 
.105032+34 
.  114961*04 
.1D402E*G4 
.134891+04 
.  134641+34 
.124801+34 
.104751+04 
.134721+34 

.  t:4f.«EvC4 
.134f4!+3U 
.  1 D  4  6  £  2  +  C  4 
.  104162+04 

.134511+04 

.134471+04 
.i34<>"  +  04 

•  lj  4  391  +  0  4 
.13435E+04 

•  104  31E ♦ C  4 
.104271+04 
.10423E+04 
. 13419E  *04 
.13415E+04 

•  10410E+04 
.10426E+04 
.10402EMJ4 
.1339BE+04 
.13394E+C4 
.13390E+ 04 
. 1D3B5E+Q4 
.  1 J3B2E  *04 

•  13  373004 
. ID  3731+04 
.13369E+04 


A-4 


.&&Z6  9 


62  1  00  8 


:  t  \  i 


1 3 o 2  U.S.  STANDARD  ATMOSPHERE 


P92SSU9"  ALT 

TE:)329AT'KE 

JIJMA 

DELTA 

SPEED  OF  SOUND 

t  p  T  > 

(0E3.3ENTrr;-94.)=;> 

RHO/S.L.’HO) 

(P9ESS/S .L.P9CSS) 

(CT /SEC) 

2  i  1 3  u  . 

-.  24  7-042  O? 

.531352+03 

.457992+00 

.  10365E  +  34 

20200. 

-.2'-992E+32 

. 3  29352*0  0 

.435082+00 

.103612+04 

20.300. 

-.2311 32  *02 

.527752*03 

.454172  +  0  0 

.  103572  +  04 

2  g  '♦  j  : . 

-.253872+02 

.525932*03 

.452272+00 

.103532+04 

2  o  o ;  ■: . 

-.25555E  +  02 

.52413E+00 

.453332+00 

'.  133492+  04 

2  C  6  3  : . 

-.257322+02 

. 5  2  2412*0  0 

.449492+00 

.103452+04 

2C70J. 

59902 +52 

.  5  236VE+  0  0 

.445612+00 

.103402+04 

2333C . 

-  .  ?  5 1 7  1  £  ♦  3  2 

.318972+00 

.444742+00 

.133362+04 

2  C  «1 0  j  . 

-.232735102 

.517102*00 

.442972+00 

.  13  332r  +  C4 

2  ICO.’. 

-.23  57  32*02 

.515742+03 

<441012+03 

.133292+04 

21103. 

-.23  7/  10*0  2 

. 513512*00 

.43)132+03 

. 103242+04 

21200. 

-.230302*32  . 

.511332*00 

.437302+00 

. ID  32QE  +  C4 

2 1 2  C  0 . 

-.2/1375*32 

.510052*00 

.435452+30 

. 103152+04 

2 1 A  3  ; . 

-.2733*2*02 

.5333 '+£*00 

.433622+00 

.133112+04 

01033. 

-.2/c32:*32 

.505502+00 

.431712+00 

. 133072+04 

2i-::. 

-  . 2  7  75  02  »  22 

. 5C4772  +  C  0 

. 429972+00 

.10303E+04 

21/30. 

-.2705  7--*J2 

.5031 4 5*00 

.429132+00 

.1)2992+04 

21633. 

-.251052+32 

.301422+30 

.425342+00 

.132952+04 

2m::. 

-.  2333  *2*02 

.4997:2+00 

.  424542+  00 

. 132912+04 

22030. 

-.2J 5) 02+32 

.497392*01 

.422742+00 

.132852+04 

22103. 

- . 2 1 7* 1 E +  0  2 

•  49o?7£+0  0 

.421942+30 

. 132922+04 

2223  . 

-.23'?'*'.:  *02 

. 49457 E +00 

.419152+00 

.«  10  279E  +  04 

22300. 

-.  2-11V4E  +  32  ! 

•  492852*0  0 

.417332+00 

.1)2742+04 

2  2 1.  3  0 . 

-.2)3* 12+32 

.491172+00 

.415602+00 

.132702+04 

22503 . 

-  .  2  0  03  -)i  *  3  2 

. 4  6  3472  +  0  J 

.413332+00 

.132662+04 

22m  JO. 

-  .  2 1  /3 7E  *  j  2 

.487792+00 

.412072+00 

.102622+04 

22/0-1. 

-.20054: *02 

.48  At: 2*0  0 

.410  322+00 

.132572+04 

2  2  m  3  3 . 

-.  .331.32-:  1-02 

.484422*00 

.409572+00 

.102532+04 

22101. 

-.333732+32 

.482732  *0  0 

.405922+00 

.102492+04 

2  2  0  .'.. 

-  .  3  3  r-  £  7  E  *  J  2 

.481392*00 

.405092+00 

.132452+04 

2  3 1 : ; . 

-.  33  7252+32 

.47941 E  +  C  0 

.403352+00 

.102412+04 

3  2  3.. 

-.709232+02 

.477732+03 

.401632+00  . 

.  10  236E  +  C  4 

2  3 ;  j  • . 

-.311233*02 

•  4  70) 05  +  03 

. 391912+00 

.132322+04 

2343:. 

-.31  USE  *02 

•  4  7  4  4  E  +  0  0 

.393192+00 

.132252+04 

1 3  o : . 

-.315153*32 

.472712*00 

.3954)2*03 

.132242+04 

2  3  6  J  0  . 

-.317135*02 

.471152  +  C  0 

.394792+0 J 

. 13223E+04 

2370.. 

-.319115*02 

. 469312+03 

.393092+00 

.102152+04 

23300. 

-.321 092+32 

.467972+00 

.791402+00 

. 132112+04 

2  3  0  3.  . 

-.  5  2  30  3 E  *  3  2 

.4652*2  +  0  0 

.359722+00 

.102072+04 

?  4  Q  3  J . 

- .  3250  4£  *  02 

•  464622  +  0  0 

.333042+00 

.132C3E+04 

2  4  1  3  : . 

-.  32  70  2E*32 

.463305+33 

. 336372+00 

. 101992+04 

zl.’c:. 

-.328912+02 

.461335+00 

.394702+00 

.131952+04 

24300 . 

-.333  37E  *02 

.459772*00 

.353042+00 

. 13 19DE+04 

24400. 

-.322)12*02 

.45315E+0Q 

.391392+00 

. 13 185E ♦ 04 

245)0. 

-.334)25*32 

.456552+00 

.379732+00 

.131922+04 

•  24600. 

-.33 09 32*3 2 

.454155+00 

.379092+00 

. 101792+04 

24733. 

-.  33.131**02 

•457352+03 

.376452+00 

•13174E+04 

?  4  *'  0 . 

-.34C0OC2 

.4517 5. 2  +  0  0 

.374922+00 

. 13 1692+04 

24900. 

-.  542S IE  *02 

.45:  135  +  0-0 

.3732)2+00 

.101632+04 

2510’. 

-.34431- *02 

.4485)2+00 

.7/1532+00 

.101612+04 

A'5  -<rZ£&9  ■ 

**1  0  0  & 


1^0?  U.S.  STAMDARO  ATMOSPHERE 


sRESD'-M:  ALT 
t-n 

2  ■ '. ;  5 . 
2530;. 

25  30''. 

2543  ',. 
25536. 
25600. 
25/00. 
259J3. 
25963. 
?603;. 

2-0  i  C  J. 

?  ?  2  J  0  . 

2  6  5  9  J  . 
26432. 

2653  2  . 
26633. 
26736. 

2  63  3'.. 

25°  3  2 . 
27032. 

2712.. 
27233. 

27  J33. 

2  7  •<  -3 . 

2  7  j  3  "  • 

?  7  -  i  0  ^  . 
27733. 

2713.. 
27?3C. 
263)'. 

si:.?:. 

26-03. 

28303. 

26413. 

23531. 

28603. 

2  3  7  J  1  . 

2  8  R  3  .• . 
28031. 

20C  3 3 . 
20130. 
20203. 

2oior. 

20430. 

20500. 

20603. 

20730. 

20303. 

20103. 

3  u  %i  J  *  . 


T£M=*ER4T  JOi 
<OE3.2EHTir.OA)-> 

-  .  3  4  67  1  £  +  0  2 

-  .  3  '•*  *  /  5  :  +  j  2 
- .  3  3  0  7  4  £  +  J  2 
-.35271; *02 

-  .35461-:  0  2 
-.35657:*02 
-. 35854; *02 
-. ’5505  2:  4  22 

-  .  3  6 .2  5  3 1  ♦  3  2 
-•35437£+32 
-.  35653E+32 
-.3  5  852;”  *02 
-.376536492 
-.37248;  02 

-  •  37 44  5; 40  2 
-.37 64 3 £>02 
-.  *7  84  CE ► 02 

-  .  .3 .8  :■  3  1 :  ♦  3  2 
-. 33236; *12 
-.  38  43  3:432 

<1651=4:2 
- , 3  8  B? 1£  *32 
-.31025:402  . 
-. 30224- 402 
-.39421 £4"2 
-.31613:402 
-.30813*432 
-.49:14 £+32 
-.4:212:402 
-.4:’ 461*407 

-  .  4  1  62  7  I  43  2 
-•42334:402 
-.41 '12; 43? 
-.412C3: 432 

41 397; 402 
-.41595; 402 
-.41 712: 402 
-.4  195  0?  f  12 
-.42117;. 02 
-.42335E+32 
-.4251 3" 432 
-.42 710:402 
-.42971:412 
-.43175:402 
-.43373; 40? 

-.  4357  3 ; »  32 
-. 49751: 4 02 

-  .  3  0  fi  5  £  4  j  2 
-.4415  1  v  4  3  2 
-.44  3611  ►  3  ! 


S I  3  liA 

(RHO/S.L.RHO) 
■  .44731E4C3 
.445441:430 
.443872403 
.44233:400 
.44! 74 £40 3 
.439HE400 
.4. 3  763:400 
.43 631; 400 

.43454E4Q0 

•43303E4C3 
.43145:400 
.420931:403 
.4284 3 £400 
.42681:403 
.42535E400 
.42384:403 
.42233:400 
. 42  C 82:403 
.41032:400 
. 41712 E *00 
.41632C4C0 
.  *1*93:403 
.  41 3  35 £ 40  0 
.41195=403 
•4 11396400 
.  4  6 .1  9 1  £  +  9  0 
.4C744E4C3 
.40597:400 
.40451:403 
.  4  C  3  3  5  C  4  0  S 
.4Q163E409 
.4031 35  +  33 
. 3987 3 C +03 
.3972SE+C3 
.39532E+00 
.394396400 
. 392956403 
.39133:400 
.39311:400 
.38863:403 

.387216433 

.38537:400 
•  38445:40  3 
. 213 J56  +  0  3 
.38165:400 

.38:27:400 

.  3  7  8  1 1  £  +  0  0 
.37749:400 
.37611:400 
.37*736+00 


DELTA 

(PRESS/S. L. PRESS) 
.35995:400 
. 35133:403 
. 36675E+00 
.35515:400 
.33356:400 
.33101:400 
.33340:400 
.33982:400 
.35725:400 
.35569:400 
.35413:490 
.35258:400 
.35103:400 
. 34949*400 
.  34795E  +  C  0 
. 34542:400 
•  34490 :+  0  3 
.34338E+00 
.34183:400 
.34136-400 
.33883:400 
.33735:400 
. 33596-400 
.334371+00 
.33299E+00 
.33l42£+00 
.32993:430 
. 32845:400 
.32702:400 
.32556:400 
.32411:409 
.32267;+00 
.32123:400 
.31980:400 
.31537:400 
.31594:400 
.31552:400 
.31411:409 
.31270:409 
.  .31139:400 
.30030:400 
.30851:400 
.30712*400 
.30574:400 
.30436:400 
.30209:400 
.  30162-14  0  0 
.30025:400 
.20903:400 
.29754:400 


SPEED  0=  SOUNO 
lrT/SEC) 
.101576+04 
.131536404 
.  13149:4  04 

•  13144  F.  404 
.10149E404 
. 131 35  F. +  04 
. 131326+04 
.13127E+04 
.131236+04 
.131196404 
•10115E+04 
.13110E+94 
•1310&E+04 

•  13 1C2E+  94 
.18C9SE404 
. 10G93E  +  04 
. 13  OBOE  +  04 
.10085E+04 
.13081:404 
.  13  * 77E  +  04 
.13172F404 
•10961E+04 
.13064F+04 
.10060E4C4 
. 13  055E  +  04 
.1J951E+04 
.13n47E+04 
.  13  0  4 3£  +  04 
.  10  0  35:  4  04 
.13  0  3<*£  *04 
.  13C30 E  +  04 
.10025:404 

'  .  13921:404 
.  13117E  +  04 
.  10  01 2E  +  94 
. 100C9E+04 
. 10304E494 
.09990E+03 
.09056E+C3 
• 09914E+C3 
.09871E+C3 
. 9982SE+C3 
.00785E+G3 

•  99742E  +  0  3 

•  00609E ♦ 0  3 
•99657E+03 
.99614:403 

•  0957  IE  +  0  3 

•  09528E  +  03 
.094836+03 


A*6  1 


62 l  008 


1962  U.S.  ST ARDARD  ATMOSPHERE 


PRESSURE  ALT 
t  F T> 
3C13C. 

30  200 • 
30300. 
30430. 
3S3C:. 

3360 J. 
33730. 
.33333. 
309J3. 
31003. 
31100. 

312  0'.. 
31337. 
31400. 
3153’. 
31603. 
31733. 
31000. 

usoo. 

32033. 

.3  2133  . 

5223 3. 
32300. 
32400. 

3  2  0  J  0  . 
32o00. 
32730. 
32033. 

3  2  -J  J  3  . 
32030. 
33100. 

3  3  J  3  3  . 
33^00. 
3340... 
33500. 
33600. 
33702. 
33633. 

3  3'J  03 . 
34002. 

3  4 1  0  C . 
34203. 
34335. 
34405. 
34533. 

3  4.-33  , 

3  4  7  0':. 

3  4 1 0  j  . 
3430*. 

3  5  0  3  o . 


TE-’ERATURE 
(  DE3  .  SE’iTI  GRADE) 
-.445582+32 
-.4+7552+02 
-.44  33  ’"  +  02 
-.451512  +32 

-  .45.34  *3 ~  ♦  0  2 
-.450462+32 
-.  4  5  74  3E +3 2 
-.45 94  IE  +  02 
-.45 13 32+02 
-.45333-:  +  02 
-.43634-2  +.32 
-.4 6 7312+32 

-  .  4  5  92  4  2  +  0  2 
- . 47 12  5E  +  0  2 
-.473240+32 
-.472.2  12  +  02 
-.477192+02 
-.479162+J2 
-.48114; +32 
-.433112+02 
-.4351  32+02 
-.4*1  73  32+32 
-.4  8 93 '.-2 +0  2 
-.‘*91012  +  02 
-.44;-33:+32 
-.4342  3  £ +G2 
-.4  '96142  +  32 

-  .  4  ? '(  J  1 "  ♦  "  2 
-.53:332  +02 
-.50 2362 +02 
-.50  «.V+s  +  02 
-• 336Hli+C2 
-.533702+02 
-.510732+02 
-.5127 .2+32 
-.514712+02 
-.536302+32 
-.516332 +32 
-.52C34E+J2 
-.572312+02 
-.524532+02 
-.5? 65 52+ 02 
-•52854E+02 
-.530312+02 
-.532492  +02 
-.634+3E+02 
-.5  3  64  32  +  02 
-.536412+32 
-.543332+02 
-.542332 +02 


StSMA 

(RH3/S.L.R90) 
. 373352+00 
.371 382+00 
.  37.3312  +  30 
.  3  69252  +  0  0 
.367892+00 
.36654E+C3 
.365132+00 
,363342+03 
.  362492  +  00 
.361152+03 
.359812+00 
.356482+03 

•  35  7152  +  0  3 
.355332+00 
. 354  51E  +  3  0 
•35313E+00 
.35187E+00 
. 350532+00 

•  3  4923  2  +  0  0 
.347052+03 
.346632+03 
.345332+03 
.344372+00 
.  34273E  +  C  3 
. 541532+03 
. 34  3  22E+C  C 
.338942+00 

.  .337372+00 
.33643E  +  C  3 
.335132+03 
.33 3872+00 
.332612+03 
.331322+00 
.330112+00 
.328652+03 
.327512+00 
.326372+03 
. 325142+03 
,323332+00 

.  .322672+00 
.321452+00 
.32323E+03 
.319312+00 
.317792+00 
. 3 163  3  E  +  0  3 
.315372+00 
.314172+00 
. 312972+00 
.311772+00 
,3136 32+03 


DELTA 

tPRESS/S.L. PRESS) 
.295202+00 
.  294852  +  00 
.293522+00 
. 292192+00 
.293832+00 
. 289532*00 
.289212+00 
.293902+00 
.283592+00 
.284292+00 
.292992+00 
.281702+00 
.290412+00 
.279122+00 
’  .277842+00 
.275372+00 
.275302+00 
.274032+00 
.272772+00 
.271522+00 
.270232+00 
.239022+00 
.  2377.82+  0  0 
.236542+00 
.235312+00 
.254082+00 
.232852+00 
.  .261642+00 

. 253422+00 
.  23921E  +  C  C 
.258012+00 
.255812+00'  . 
.255312+00 
.254422+00 
.233232+00 
.252052+00 
.253872+00 
.249702+00 
.249532+00 
. 247372+0 C 
. 245212+00 
•245052+00 
.243932+00 
.242752+00 
.241612+00 
.240472+00 
.239342+00 
.238212+00 
.237082+00 
.235962+00 


SPEED  Oc  SOU MO 
(-T/3EC) 
.994422+03 
. 99399E+03 
. 99356E+03 
. 99313E  +  03 
.99?70E+03 
.99227E+03 
• 99184E+03 
.99141E+03 
.99n982+C3 
.  99  355E  +  03 

•  93011F  +  03 
. 9996  SE ♦ 0  3 
.989292+03 
.988822+03 
.988392+03 
.93795E+03 
.937522+33 
.937092+03 
.93663E+C3 
.936222+03 
.9.85792  +  03 
.985332+03 
.984922+03 
. 9544  9E  +  0  3 
.984052+03 
.  98  36  2E ♦ 0  3 
.  98319E  +  03 
.982752+03 

•  93232E  +  33 
.931832+03 
.931452+03 
.931012+03 
.980582+03 
.930142+33 
.979792+03 
.  979272  +  03 
.978832+03 
.978402+03 
.977952+03 
•97752E+C3 
. 977  C9E  +03 
, 9/665E  +  03 
. 976212  +  C  3 

•  97577E  +  03 
.97534E+C3 
.974905+03 

•  97  44  3E  +  C  3 
♦97402E+03 

•  97358E  +  0  3 
.97314E+03 


A- 7 
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l')62  u.S.  3TAN0AR0  ATMOSPHERE 


:rSSi)F-  ALT 

TE.M’FMATU’E 

SI5H  A 

DELTA 

(-7) 

CDc3.se iTISRAJcl 

(9H3/3.L.RH0) 

IPRESS/3.1.PRES 

3  5  i  0  : . 

-•54..19E  +  32 

.309392*00 

.234852*00 

55200. 

-.546312  02 

.308232*03 

.233732*00 

35333. 

-.549292+02 

.30732E+00 

.232632*00 

35-0 J. 

-.550262 *02 

.30584E*03 

.231522*00 

3  5530  • 

-.532232*02 

• 3C463E+0 3 

.233422*00 

35600. 

-.554212+82 

.30  349E  +  50 

.223332*00 

3  5  70  - . 

-,"36132*02 

.  30  232 E* 3 3 

.225242+03 

35800. 

-.638152*02 

.  301152*00 

.227152+00 

35100. 

-.55 .1 32  *32 

.299992*03 

.228072+30 

360 30. 

-.55?l*i  2*32 

.298832*03 

.224992+30 

.36130. 

-.634032*02 

.297572*00 

.223922+00 

Zh i 0 . . 

-.5651  Oc  *3  2 

.296332*00 

.222852+00 

ibi?" . 

-.552102*32 

.294372*30 

.221792+00 

3  <5*-  0 : . 

-.55r132*02 

.293572*00 

.223722+00 

365.0:. 

-.5551 3" *32 

.292152*00 

.219672+00 

3  n  0  3  0 . 

-.55” 13c*  3  2 

.29077.2*00 

.218522*03 

3573*. 

-.556132*02 

•28333E*G7 

.217572+00 

s  r,  i  3  0 . 

-.555102*02 

.28/132*03 

.216532*30 

3  ?i  9  3 . . 

-  .  5  5  5 1  0  £  *  J  2 

•  2865?E*3  0 

.215502+00 

3  7  0 :  • . 

-."0 510;' *02 

.285252*00 

.214472+00 

37130. 

-.35510:* 3 2 

.283832*00 

.213442*30 

37230. 

-.552102*32 

.282532*03 

.212422+30 

37  : 0 ... 

-.556132 *32 

. 231182+00 

.211412*00 

37..:. 

-.55:132*32 

.279342*03 

.2 1C  4 02  +  00 

>753;, 

.  -.555102*02 

.273532*00 

.209392+00 

3  7  0  j  r. . 

-.562130*02 

.277172*0 3 

.233392*33 

37730. 

-.555102*02 

.275942*00 

.207402+00 

3733.. 

-.55:132*32 

.274532*00 

.205412*00 

3793 :. 

-.556131*32 

.273222*00 

.205422+00 

3  ft  .  0  -  . 

-.5561 J2*02 

.271912*03 

.234442+30 

3913;. 

-.552102*02 

.273612*03 

.203452*00 

3 

-.25510; +0? 

.  2  0  9  3  2  2  *  3  3 

.202492+00 

32330. 

-.5  55102  +  32 

.268332*03 

.201522+03 

38430. 

-.5551:2+32 

.266752*03 

.200552+00 

3  ft  5  3  3  . 

-.56610 2*02 

.265492*03 

.199602*03 

39630. 

-.555132*32 

.264212*03 

.199552+00 

3  ft  7  30  . 

-.5561 02*02 

.252952*03 

.197702*03 

38330. 

-.5651 32+02 

. 261592*00 

.195752*00 

19900. 

-.  5  52  1  0  :  +  02 

•253442*03 

.195922+00 

39C0C. 

-.556132+32 

.259202+03 

.194892+03 

39 1 u  u  • 

-.555132 +32 

.257352*00 

.193952*00 

39203. 

-.5 55102+02 

.256732*00 

.193022+00 

39  1 0  u  . 

-.555132*32 

.25553E+30 

.192102+00 

394 0C. 

-.565102+32 

.254232*02 

.131192+00 

3  9  5  3  C  . 

-.555102*02 

.253352*00 

.190272+00 

39630. 

-.552132  +02 

. 251952*00 

.159352+03 

3Q73C . 

-.565102+02 

.25:552*00 

.188462+00 

59300. 

-.555102  *0? 

.24345E»C0 

.137562*00 

3  9°  t  3  . 

-.555132  +  02 

.248232+00 

.195552*00 

40303. 

-.555102  +32 

.247392*00 

. 135772*00 

A- 8 


SPEEO  OF  SOUND 
CrT/5EC> 
.9727CE+03 
.97227E+33 
.971832+03 
•97 139E+03 
.97P95E+C3 
.97051E+03 
.970C7E+03 
.  95963E  *-03 
..959192*03 
. 958722  +  03 
.93B3CE+03 
.938092+03 
,93R0B2»03 
.959092*33 
.958082*03 
.939082+03 
.939032*03 
.938392+03 
.9380BE+93 
.960092+03 
.938C9E+C3 
.939032+03 
.9d8C9E*03 
.938092*03 
.938PRE+03 
,959G3E*G3 
.938092*03 
. 933C9E+03 
.93BC8E+03 
.938C9E+0 3 
.938C3E+C3 
.939082+33 
.938092+03 
.  938C9E  +  03 
.958092+03 
.938C3E+03 

•  958  0'  92  +  0  3 
.938092+03 
.939C8E+03 
.938092+33 
.939C9E+C3 
• 9S908E+G3 
.93809E+03 

•  95  33  8E  ♦  3  3 
.959C3E+03 
•938G3E+33 
.93809F+C3 
•9S8G3F +  P3 
.93309E*C3 
. 9390  9E  +  f  3 
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1362  U. 

S.  STANDARD  ATMOSPHERE 

1 

PRESSURE  ALT 

TEMPERATURE 

SI3MA 

DELTA 

SPEED  Or  SOUND 

t 

(FT) 

(DiG.DENTIGRAJc.) 

(RHO/S.L.RHO) 

(PRESS/S.L. PRESS) 

(-T/3EC) 

\ 

<0100. 

-.5651:2+02 

.245912*03 

.134882*00 

.9581 8E+03 

j 

4  C  2  u  U  • 

-.535132+02 

.244722+03 

.134032*00 

•958C52+03 

u  3  3  c ; . 

-• 5651  IE *02 

.243532+00 

.183122*30 

.958032+03 

4  C  4  0  J  . 

-.551-1:2+02 

.242332+00 

.132252+00 

.  .95303E+C3 

T 

4  0  5  J  3  . 

-.55513:4-02 

. 241232*03 

.131372*00 

.953032+03 

1 

■t  3  0  2  C  • 

-.555l3£*-32 

.243032+03 

.183512*00 

•95508E+03 

i 

.c  ro: . 

-.56510“ ♦32 

.238932+03 

.179652*30 

•958G9E+03 

f 

4580.. 

-.555102 +02 

.237732+00 

.175792*00 

.958C8E+03 

%■ 

4  u  i : : . 

-.55510  ”♦•32 

.236552*03 

.177932+00 

.956 C 92+03 

4* . C • • 

-.55513E  +  02 

.235332*00 

.177032+00 

•939C9C+93 

♦  i  1  ■  j  0  • 

-.585102 ♦32 

•  2  3443  £  +  0  0 

.176242+00 

.938032+03 

■<r' 

4  !•?.  j .  . 

-.555102+12 

.23323  2  +  0-0 

.173402*01 

.955152+33 

1 

41.10  0. 

-.5651 02*32 

.232172+33 

.174562*00 

.953C3E+33 

1 

4140 : . 

-.06 5 132*02 

.231052+03 

.173732*00 

.953C8E+C3 

£ 

4  too:. 

-.565192+32 

.229952+00 

. 172902+03 

.958082+03 

f 

4180.. 

-.555102*02 

.228352+03 

.172072+03 

.959032+03 

?; 

4  170'.!. 

-.5 8 5132*02 

.227752+00 

.171252+00 

.95803E+03 

1 

41800. 

-.055132*02 

.226532*00  .. 

.170432*00 

.958032+03 

4  1  *4  G  J  • 

-. 565132*0  ? 

.225592+00 

.169622  +  0-3 

.958082+03 

i 

4  2  a  o : . 

-.5651:2*02 

.224522*03 

•  153  B1 E  +  0  0 

.959C82+03 

i 

4210;. 

-.56 "102*32 

.223452+03 

.153002+00 

.958082+03 

■■',T 

4  2  2  J  C . 

-.565::-:*c2 . 

.222332+00 

.157202+00 

•  93  8C9E  +  03 

4203  1  . 

-.5551 02*32 

. 221322+30 

.155402+00 

.958032+03 

■-* 

4  2  4  3  C  . 

-.55 f- 132+32 

.220252+03 

.  .  • 165612+00 

.959032+03 

.A 

42501. 

- . 565132  *02 

.219212+03 

.154812+01 

.958D8E+03 

1 

42800. • 

-.065102  *32 

.218132+03 

.  .  .154032+00 

.9580SE+03 

4270'. 

-.565132*02 

.217122+00 

.153242+00 

.95803E+03 

i- 

42801. 

-.555102*02 

.216032+03 

...  152452+  0  0 

. 95803E  +  0  3 

•$. 

i 

42001. 

-.565132*02 

.215332+03 

.161692+00 

•958CSE+03 

430  3  ; . 

-.0551 02*02 

.214322+03 

•15J92E+03 

.959082+03 

'i 

43100. 

-.565132  *32 

.213002+03 

.150152+00 

.958082+03 

4323.. 

-.555102*02 

•  .211932+00 

.159332+00  . 

.95809E+03 

f 

4  3  "5  J  3  • 

-.565132*32 

.21097=403 

.  153522  +  0  3 

.958CRE+03 

\ 

43400. 

-.5551-02  *3  2 

.209952+03 

.137872+30 

•95803E+03 

4 

43531. 

-.565102+32 

.203952+00 

.157112+03 

.958CSE+03 

% 

•*  360  3 • 

-.555102  *32 

. 20795 E*03 

.  155352  +  00 

•958G8E+03 

1 

43703. 

-.565132*02 

.206972+00 

.135512+00 

•95BG8E+03 

43001. 

-.555132*02 

.205932*03 

.134372+00 

.958132+03 

439  JO. 

-.565102*02 

. 205332*03 

.  154132+30 

. 95803E+03 

* 

44000. 

-.565132+02 

.  20  -.32E  +  C3 

.153432+00 

.958082+03 

1 

44100. 

-.565102+02 

.203332*03 

.  152662  +  00 

.958G3E+03 

44200. 

-.550102*32 

.202332+03 

.151932+00 

•95808E+03 

44310. 

-.565102.  +  32 

.  20 1 11 E+0  3 

.151212+00 

.96809E+03 

* 

44400. 

-.565132*02 

.  200 15  E  +  D  0 

.133492+00 

.958032+03 

44533. 

-.565102+02 

.199202+00 

.149772+00 

.958092+03 

5 

4  4  b  0  0  . 

-.555102+02 

.198252*00 

.149032+00 

.958032+03 

l 

44700. 

-.566132+02 

.197  332*00 

.143342+00 

.958082+03 

' 

44800. 

-.555102+02 

.19 8352*30 

.147632+00  ' 

.938032+03 

1 

44900. 

-.5651-32  +02 

.195*422*00 

.145932+00 

.938032+03 

f 

4  5  C  3  1 . 

-.3551 3" *32 

.194492+0 3 

.144232+03 

.958032+03 

| 
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1«’  U.S.  STANDARD  ATMOSPHERE 


5  SS'JRE  ALT 

TEMPERATURE 

SI3M4 

DELTA 

SPEED  Oe  SOUND 

(C"T> 

lOSS.OEHTIGRAOEl 

{RH0/5.L.RH0J 

(PRESS/S. L.  PRESS) 

(rT/SEC) 

45100. 

-.555105+92 

.19 J55E+00 

.145535+00 

. 95808E+Q3 

.,52)0. 

-.56519E+02 

. 19253  E  +  0  3 

.144835+00 

.968035+33 

4  5  3’)  0  . 

-.5o513E+)2 

. 19171E+00 

.144145+00 

. 958C8E +03 

4  5  4  C  Z  • 

-.3531 3E 432 

.19::«0E  +  0n  - 

. 143  45E  +  0  0 

.95809E+03 

4  5;.)). 

-.5851 0E  402 

.189395+00 

.142775+00 

.958035+03 

4  5  6  )  C  • 

-.D5513E402 

. 188  93  5  +  0  J 

.142035+00 

.958035+03 

457 z: . 

• -.56510E432 

.188395+03 

.141415+00 

.9SBC3E+03 

45333. 

-.56513E+32 

•  187UE  +  33 

.140745+00 

.  958G3E  +  03 

45900. 

-.565195+02 

.186235+00 

.140055+00 

. 958395+93 

4  6  C  3  3  . 

-.565105432 

'.18543  5  +  00 

.139395+00 

.95808E+C3 

46! 3  3 . 

-.55513?  432 

.13451 F +03 

.138735+00 

.958C8E+03 

4  6.?  :  3. 

-.5531JE432 

.183535+03 

.135075+00 

.95803E+03 

46303. 

- .5  851 3E  40  2 

.18 2/5 5+0 5 

.137415+03 

•  9580  3E  +  03 

4  6  4  3  3 . 

-.5651CE432 

.1813RE  +  0  3 

•  136735 +.0  3 

.958035+03 

46500. 

-.365105402 

.181325+00 

.135105+00 

•958C8E+03 

45630. 

-.5551 35432 

.180155+0) 

.135455+00 

.958C3E+03 

46733. 

-. 563105432 

.179295+03 

.134835+00 

.95  30  RE +  03 

4  6  6  0  ; . 

-.355135402 

.173445+03 

.134165+03 

.95  ROSE +  03 

46930. 

-.663135+32 

.177535+30 

.133525+00 

.958035+03 

4  7  C  3 . 

-.55513E+32 

.176745+03 

.132935+00 

.9590  35  +  03 

47133. 

- .  5  6  6 1  3  ?  +  J  2 

.175395+02 

.132255400 

.953085+03 

4  7  3'  J . 

-.6  5  5135+02 

.175055+23 

.131625+00 

.953C9E+C3 

4  7  i  3  i  . 

-.365135+32 

.174225+02 

.13)995+00 

.958085+03 

4  7  *,  j  „  a 

-.r63135  +32 

.173335+02 

.133365+00 

.  95  80  8  5  +  0  3 

4763.. 

-.555135+32 

.172555+03 

.123745+03 

. 95803E+03 

4  763  3  . 

-.3  55.1  35  +  32 

.171735+00 

.  123125  +  OC 

.958C3E+03 

4  7  7  J  j  . 

-.‘355  105  +  3? 

.170915+00 

.123515+00 

.953C8F+03 

4  7  6  : 0  . 

-.355105  02 

.17013' 5  +  03 

.127835+00 

•95839E+03 

47900. 

-.5651  :•:  +  •:? 

.1692)5+00 

.127255+00 

.  95  3) 3E  +  0  3 

44333. 

-.5651 35  +02 

.168495+03 

. 126675+00 

. 9530  8E  +  03 

4  4  1  3  j  . 

-.555101 +02 

. 15765E+00 

.126075+00 

.958C3E+03 

a  ft  t  J  i  * 

-.553135+02 

.16 58 75+03 

.125475+00 

.959095+03 

4330. . 

-.563125+02 

.166085+33 

.124375+00 

.959085+63 

4 64  3  0  * 

-.655135 ‘22 

.165235+00 

.124275+03 

.953C8E+03 

48533. 

-.'551 35‘32 

•16453C+C0 

.123535+03 

•958C9E+03 

4  8  6  3".. 

-.56 5105482 

.16371  5  +  C  3 

.1230)5+00 

.958C8E+03 

4873'. 

-.366105432 

.162935+03 

.122505+00 

•95809E+03 

43333. 

-.355135+32 

.152155+00 

.121925+00 

.95803E+03 

4  3  9  0  i  • 

-.  3  531  3:  +  3  2 

.151395  +  0 '3 

,121345+09 

.958C8E+03 

49030. 

-.6661  ".5  4.32 

•  16)515  +  13 

.12)755+00 

•  95808E  +  23 

49:o:. 

-.65 5105432 

.159945+30 

.12)195+00 

.958035+03 

43  20... 

-.555105‘02 

.139835+00 

.119515+00 

.968C9E+03 

49300. 

-.565105432 

•  13  5325  +  03 

.119345+30 

.95803E+03 

4  9  >.  3  J  . 

-.56 3 135+32 

.157555+00 

.118475+00 

.958C3E+03 

49003. 

-.555135+32 

.156315+00 

.117905+00 

•  958C9E  +C3 

4  9  o  i  3  • 

-.556135+32 

.156305+00 

.117345+00 

.958C3E+C3 

4  9  7  3 ; . 

-.8661 35+32 

.155325+00 

.115785+00 

.958085+03 

4  3  2  3  0. 

-.553135+32 

.154535+03 

.115225+00 

.958C9E+03 

4533.. 

-.5651 31+32 

.  15  3345  +  0  3 

.  115575  +  0  3 

.958085+03 

>0.0  . . 

-.35310:.  +  32 

.153115+02 

. 115125+00 

.95803E+03 

A- 10 


6  2  1  00  8 


m  »n  m  in  in  m  in  in 


1962  U.S.  STANDARD  ATMOSPHERE 


PRESSURE  ALT 
(FT) 
5C133. 
50203. 
5033;. 
C4D0. 


TEM32R4T  URE 
(OES.OFNTIGRAD") 
-.555102  *12 
-.565132+02 
-.555132+02 
-.365132+32 


SI3MA 

(RHO/3.L.5H0)  ' 
.152332+00 
.151632+03 
.  153932+03 
.150212+03 


DELTA 

(PRESS/S. ..PRESS) 
.114572+00 
.114022+00 
.113482+00 
. 112932+00 


30500. 

-.5551  05  1-0  2 

52830. 

-.555102+32 

50732. 

-.555132+32 

5  0 .8  0  C  • 

-.55510*  *-32 

30900. 

-. -355105  +  32 

51000. 

-.555132+02 

51103. 

- . 5551 3E  *0  2 

5120. . 

-.585105+02 

31300. 

-.55510E+92 

5140.'. 

-.56510E+02 

31502. 

-.555132+02 

31u JO. 

-.565132+02 

51702. 

-.55510E  +02 

31-.::. 

- .5  651 OE  +0  2 

31910. 

-.55313E+Q2 

3  20  00  . 

-.565101+02 

32100. 

-.55310E+32 

32220. 

-.55510E+02 

52300. 

555132+32 

5  2  4  C  0  . 

-.565102+32 

52500. 

- .  -3  551  OE  +  02 

5  26  0  0  • 

-. '65105+02 

32700. 

-.5551  0'S +  32 

52RC0. 

-.5551CE+32 

52900. 

-.055132+32 

53000. 

- • 5651 OE  +  02 

3310C. 

-.565132*22 

j  3  ■?  0  2 . 

-.565102+ 02 

5  3  j  0  2 . 

-.5551 21+22 

53402. 

-.5551  :•£  +  :•  2 

3  .3  5  0  2  . 

-.5 651? 2+32 

53832. 

-.555102+02 

53700. 

-.56510E+02 

33800. 

-.5551 32  +  32 

53900. 

-.555132+32 

5  4  C  2  ' . 

- . 5&510E  +  2  2 

54100. 

-.5651 02+02 

54200. 

-.55510E+02 

54300. 

-.565132+02 

5  4  4  0-2  . 

-.565102+32 

54302. 

-.565102+02 

5  4  6  0  J  • 

-.55510E+32 

34752. 

-.565102+02 

5  4  9  0  C  • 

-•55510E+02 

54902. 

-.565102+02 

2  2j  2 .• 

-.565132+02 

.140492+03 

.112402+00 

.148732+00 

.111852+00 

•  143  37  E  +  C  0 

.  111332  +  0  C 

.147352+00 

.110792+00 

.146552+00 

.113272+00 

.145952  +  0  0 

.103742+00 

.145252+03 

.103222+03 

.144572+00 

.108692+00 

.143932+03 

.108192+03 

. 1411 3 E +00 

. 107662+00 

.142312+30 

.107152+00 

.141832+00 

.105632+00 

.141132+00 

. 106132+00 

.14  349E  +  00 

.103622+00 

.13)912+00 

.105122+00 

•  13914E  +0  3 

.104612+00 

.13849E+00 

.134122+30 

•  13792E  +  0  3 

.103622+00 

.137152+03 

.  10  3122  +  0  0 

•  13653E  +  D  0 

. 102632+00 

•13535E+00 

.102142+00 

.135202+03 

.101652+00 

.13455E  +  0  3 

.101172+00 

'.  13192E+00 

.103592+00 

.13329E+00 

.103212+00 

.132642+00 

.997292-31 

.132012+03 

.992532-31 

•  131 33E  +  0  0 

.997902-01 

. 130752+00 

.983092-01 

. 130132+03 

.979402-01 

.12951E+00 

.973732-01 

.128892+00 

-.959092-01 

.129232+03 

.964462-01 

.127552+00 

.953352-01 

.127052+33 

.955232-01 

.126452+00 

.950722-01 

. 12593 E +03 

.946192-01 

.125252+30 

.941592-01 

.124652+03 

.937192-01 

.124052*03 

.932712-01 

.123462+03 

.928272-01 

•  1 2297E  +  0  0 

.923542-01 

•12229E+00 

.913432-91 

.121702+03 

.915032-01 

.121122+00 

.910592-01 

.120552+00 

.906342-01 

A*  11 


SPEED  OF  SOUND 
<=T/SEC) 
.958C8E+03 

•  95  808E  +  03 
.93803E  <-03 
.958C8E+03 
.958QHE+03 
.9S8C8E+01 
.955C8E+33 
.9S8C9E+33 
.9S803E+03 
. 958C  8E  +  03 
.  958C8E+C3 
, 958C8E+03 

’  .958C8E+03 
•95B08E+Q3 
. 95  8C RE  +  03 

•  95  8C  32  +  03 
. 9580  8E  +  33 

.96803E*  03 
•959092+03 
.95BC9E+03 
.958C3E+03 
.958092+03 
.938C8E+03 
.958C3E+03 
.  93  BC  RE  +  03 
.938092+03 
.95809E+03 
. 95  3C  82  +  0  3 

•  9380  BE  *-03 
.959C3E+03 
.938092+03 
.95«08E+03 
.958C-RE  +  C3 
.93909E+C3 
.958032+03 
.958C3E+Q3 
.958032+03 
.958032+03 
. 958082+03 
.95BC9E+33 
.958082+03 
.9S8Q3E+C3 
.958082+03 
.&58C9E+C3 
•958C3E+03 
.  95  80  8E  +  0  3 
,958082+03 
.958082+03 
.  939032+03 
.938092+33 


68 1 008 


n=>?  j.s 


STANDARD  ATMOSPHERE 


2SaJR2  ALT 

TEMnRU-J’E 

SI3NA 

<?r> 

.  (OSS.Of'JTIGRADE) 

(RHO/S.L. RMOJ 

5510C-. 

3551 32 ♦ 32 

. 11997 E  +  00 

55203. 

-. 566132*02 

.1194:2+03 

55333. 

-.653102*32 

.118832+00 

5  54  J  3 . 

-.6651 52+32 

.118252+01 

55630. 

-.355102-1  32 

'  .117712*01 

55603. 

-.555102*32 

.117142+00 

55733. 

-.555102+32 

.116552+03 

55953. 

-.56  *10 *+02 

.116122+00 

35903. 

-.35  310  2  +  32 

.11-5472  +  00 

5  60  3  0  • 

-.565132+02 

.11492E+00 

56133. 

-. 565102  +  32 

.114372+21 

3  o  i  j  • 

-.  -  VI  02  +  02 

.113522+03 

i  5 ' 3  *  • 

-.533132+3? 

.11325E+00 

5  64  3  0. 

-.6661 32+02 

.  112742  +  00 

56' 30. 

-.665132+32 

.  .112232+03 

5  66  '  • . 

-.3501 32+0? 

.11157 E+00 

i  6  ?  3  .  • 

-  . 6  0  L  3  0*  32 

.111142*01 

j  h  ?  3  w  • 

-  •  5  6  6 1 E  +  0  2 

.  110612*0 3 

569J0. 

-.350102  +12 

. Ill Jl E+00 

57010. 

-.565132+32 

.10 9 552*00 

5  7  !  C  j  « 

-•■>5  6122  +  12 

.103332+00 

5700-. 

-.56510” +12 

.108312*03 

57300. 

-.5551 32+12 

.107932*00 

5  740.',. 

•  -.55513c  +12 

.107482*03 

57500. 

-.556132+32 

.106972*03 

5  7  6  J  .5  • 

-.555102+32 

•  1 0  6452*0  0 

37/03. 

-.5 6 5 132+12 

•  1 0  595  E  +  C  3 

J  7  8  yj  ^  « 

-.566102  +32 

•  1 0  5442  *  0  0 

5  7  9  0  j  • 

-.555102*02 

.104942*03 

?  ft  •*»  0  • 

-.355112+02 

.10  444E*0  0 

58101. 

“•56*TLC£02 

.103942*00 

53201. 

-•55310E+12 

.103452+00 

5  3  J  3  o  • 

-.565102+0? 

.102952*00 

3  A  4  0  Z  • 

-.565132+02 

.102452*03 

5  A3  J  3 • 

-.565102+02 

.101972+00 

58620. 

-.56310E+32 

.101492+00  . 

53730. 

-.56510E+12 

.101002+00 

5  ft  rt  3  j  • 

-.555132+02 

.1C152E+33 

58900. 

-.555102+02 

. 100042+00 

3  9  C  3  0 . 

-.555102+32 

•  9  9355  2-  0  1 

5910’,. 

-.655112+32 

.993912-01 

59200. 

-.5651 J2  +02 

,366192-3  1 

59233. 

-.565132+32 

.381482-0  1 

59403. 

-.355102+32 

.  376H3F-0  l 

•5950  3. 

-.5551CE+02 

. 37Z15E-01 

59630. 

-.555102  +02 

.357312-01 

5970 J. 

-.553102+02 

.362902-01 

5  9  '  3  C  • 

-.555102+02 

.938112-01 

39930 . 

-.565102+02 

.953742-31 

30003. 

-.55510.2  +02 

.34  9192-1  1 

3E1.TA 

(PRESS/S... PRESS) 
■  .902012-31 
.R9771E-01 
.999432-01 
.883172-01 
.884932-01 
.883712-01 
.973513-01 
.872333-01 
.869173-01 
.884033-01 
.853^13-01 
.85s  ' 

.951723-01 
.847653-01 
.045623-01 
.833503-01 
. 635533-01 
.631613-01 
.927643-01 
.825633-01 
.813773-01 
.815853-01 
.811373-01 
.809033-01 
.*"6 242-01 
.  803413-0  1 
.795533-01 
.732733-01 
.783013-01 
.795253-01 
-751503-01 
.777753-01 
.774073-01 
.773383-01 
.755703-01 
.76-5  353-01 
,/ j  >413-31 
.753733-01 
.752133-01' 
.749603-01 
.745032-01 
.741433-01 
.737943-01 
. 734423-31 
,730923-01 
.727443-01 
.723973-C1 
.720523-01 
•717C83-C1 
.713673-01 


SPEED  07  SOUND 
(-T/SECJ 
. 958092*03 
,  95  80 3E  * 03 
,938C8E*03 
. 95  803E  *03 
.958Q8E  *03 
. 95  30  6E  *03 
.95AC9E+C3 
,95803E*03 
.958C3E+03 
.959092*03 
,959092*03 
.958C8E+03 
.359082*03 
.958032*03 
.  9580  9E  *  0  3 
. 95808E+03 
. 959C9F  tC3 
.958032*03 
.9>8C92*03 
.  958C8E*03 
.933092*03 
.959C3E+03 
.938C5E*C3 
.9SSC9E03 
.959092*03 
.959082*33 
•958CSE*03 
.  95. 8 532*03 
.938032*03 
.  958C8E  *0  3 
.958082*03 
.958C8E*33 
.958086*03 
.958032*03 
.958085*03 
.958092*03 
•933G8E+03 
.958082*03 
.958082*03 
.958062*03 
.958082*03 
.9S80SE+03 
.958092*03 
.958092  *03 
.958032+03 
.958082*03 
.936032*03 
. 9b  3032  *03 
.938032*03 
.9.3  8CSE*03 
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6  2  1  0  O  8 

1962  U.S.  STANDARD  ATMOSPHERE 


lESS'JRE  ALT 

TEMPERATURE 

ST3HA 

DELTA 

(FT) 

<0E3.:emt:sra9E) 

(RHO/S.l.RHO) 

(PRESS/S . 1 . PRESS) 

53130. 

-.565132+32 

.344572-31 

.713252-01 

50230. 

-.550132  *02 

.  .  94513E-31 

.705832-01 

50300. 

-.-555102*02 

.935532-01 

.703512-01 

53433. 

-.555132*02 

•  3S122E-C 1 

.730152-31 

60501. 

-.565132*02 

.  9  267BE-3 1 

.593822-31 

5C6  0  0. 

-.555132*02 

.  32235 f. -  Cl 

.533492-01 

50730. 

-.555102*32 

.91737E-01 

.593132-01 

5  3  8  j  -j  . 

-. 550132*02 

.9U59E-C  1 

.685902-01 

5J93: . 

-.555132*02 

. 90 3 24 E- 31 

.583522-01 

51C33. 

-.355102+02 

.90442E-C1 

.693352-01 

51133. 

-.555132+02 

•9G353E-C1 

.677122-01 

51230. 

-.550132+32 

.  3 9o2  3  E-0 1 

.573892-31 

51303. 

-.550102*32 

.89202E-01 

.573582-01 

51430. 

-.565132  *02 

.987772-01 

.667492-01 

6 1 5  3  j  • 

-.56510E‘O2 

•38354E-0 1 

.554302-01 

51600. 

-.55510E+02 

.  873332-3  1 

.551142-31 

31730. 

-.565132+32 

•87514E-D1 

.557932-01 

>1  *  j.  . 

-.560132*02 

..  .873952-01  . 

...  .554952-31 

- • O 50 1  32  *02 

.865812-01 

.651732-01 

52330. 

-.355102+32 

.B525BE-01 

.  .543622-fil 

52103. 

-.365102*32 

.  .  S5357E-0 1 

.545532-01 

52200. 

-.560132+32 

•85449E-0 1 

.542452-01 

5 2330. 

-.555132  *02 

.B5340E-0 1 

.639332-01 

3  2  4  0  0  • 

-.550132+32 

.  34635E-0 1 

•  6  3634'E-O  1 

52533. 

-.55013**32 

.542322-31 

.633312-01 

52'.  00. 

-.552132+32 

.838302-31 

.530292-01 

5  270  0.' 

-.355132+02 

.334312-01 

.627292-01 

3  2  8  0  0  • 

-.5s 0102*32 

.93337E-01 

.624302-01 

02330. 

-.565132+02 

.82637E-0 1 

.521322-01 

33000. 

-.365102+32 

.32243E-3,! 

' - .519352-01 

53100. 

-.555102+32 

.'81351E-C1 

•  • .515412-01 

53035. 

-.253102+32 

.314512-31 

• ‘  .5124S2-C1  . 

53300. 

-.535102+02 

.S13r3E-0l  1 

.509562-01 

5343*. 

-.55510* +32 

.306372-01 

.505652-01 

535-33. 

-.565102+32 

.30  J92F-31 

.503762-01 

5363  J  . 

-.355102+32 

•  •  7  9J19E-0 1 

.500992-01 

53730. 

-.563102+32 

.795332-01 

.593322-01 

53800. 

-.350102+32 

.79153E-01 

. 595172-01 

53905. 

-.366102+32 

.787322-01. 

.592342-01 

54053. 

-.053132*02 

.  7  8407E-0  1 

.583512-01 

54130. 

-.660132+32 

.780332-31 

.585702-31 

5423-0. 

-.550132+02 

.775512-31 

.583912-31  . 

54330. 

-.550132+52 

.772312-01 

•591132-11 

54400. 

-.060132+32 

.  75923E-3 1 

.  .573352-01 

54500. 

-.5501*2+32 

.765352-31 

.575602-01 

54603 . 

-.555102+02 

•76192E-Q 1 

.572852-01 

5473-0. 

- .  5  5  5 1  0  E  +  '3  2 

•75829E-0 1 

.573132-01 

54803. 

-.c65lC2+02 

•75457E-C 1 

.557412-01 

54900. 

-.555102+02 

.  75137E-0 1 

.554712-01 

55*.  0-3. 

-.565132+32 

.747522-01 

.552022-31 

A- 13 


SPEE9  O'-  SOUND 
(rT/SEC) 
.95808E+03 
•95809E+03 
•958C8E+03 
.  .958092+03 
.938C8E+03 

•  9S8C9E  +  03 
.958C3F+C3 
.956C9E+03 
.958C8E+03 

. 958CBE+03  . 

•  95 8C  5E ♦ 0  3 
•958G8E+03 

•  95  80  9E  +  03 
.958CBE+03 
•9580BE+03 

•  95  80  3E ♦ 33 
. 95808E+33 
•958C3E+Q3 
.958C9E+03 
«  95  80  9E  +  03 
.9382SE+G3 
•958G9E+03 

•  95  80  BE  +C  3 

•  95808E  *03 
. 95  S3  9E  +  03 

•  95  8C  BE*  03 

•  95  80  3E  +  0  3 
.9S808E+03 

•  95  8CBE  +  03 
.958C9E+03 
•958C8E+03 
.9S805E+03 

•  95808E+  33 
.958CSE+03 
.95808E+03 
.958G8E+C3 
-95808E+03 
.958GBE+03 
•958P8E+03 
•958C9E+Q3 
.93808E+03 
.959C9E+03 

•  95B38E  f  0  3 
.958C8E+03 
• 95808E+03 
.9S809E  +  C.3 
t  958G-9E  +  03 

1  • 958C8E+03 
.958G8E.+  07 
.958C8E+C3 


6*1  008 


1  )o? 

12SSURE  ALT 

TEMPERATURE 

(FT) 

(023. CENTIGRADE 

55100. 

-.565102*32 

65233* 

-. 555132*02 

5533% 

-.665132*32 

55430. 

-.555102*02 

65530 . 

-  .5551 32  *32 

55603  * 

-.355102*32 

55703 • 

$55102*02 

5580c. 

-.5631)2*32 

S  5 0  u  • 

-.35437:*0» 

9  o  Z  3  C  • 

-.554372*32 

56100. 

-•56t*Zr*I^,‘5  2 

55200. 

-.552152*02 

55300. 

•♦?5  3oo£02 

5540 3 . 

-.553352*C -2 

66503. 

6  6 6  3  3  • 

-.4527  3 2*32 

5670). 

-.352552*32 

5680). 

-.56£t4C*i2 

o  o  *U  -  « 

-.35184 2 *02 

5700). 

-.531542*92 

5713). 

-.5512 42 *32 

o 7<?  J  % 

-.53C43.2  *02 

5  7  3  3  •: . 

-.66:532*32 

b  7  4  0  -j  • 

-.36  .33--  *  j  2 

5  76  0% 

-.03022*02 

57633. 

-.3  3  97  2* *32 

5770  3. 

-.339422*32 

57*3% 

-.559122*32 

5  74 0 C  • 

-.558812*32 

59-300. 

-.55 -35 12*02 

53130. 

-.538212*32 

5  v; :  % 

-.537302*02 

6  3  7  0  0  • 

-.537502*02 

5  9 0  : . 

-.557302*02 

5903  % 

-.557032*32 

a  3  -» «#  0  • 

-.555592*32 

o  ft  7  u  J  • 

-.556592*02 

5  9)');. 

-  •  55  6C  *  C  Z 

3  B  4  w  -  • 

-•55573E*02 

590  %. 

-.555482*02 

>  9  1 3  j  . 

-.555192*32 

30 . 

-.554882  *02 

59  5  30  . 

-.554572*32 

5940 J. 

-.554272*02 

6953,. 

-.55397S*)2 

690-00. 

-.55365E*02 

6970.. 

-.553352*32 

59800. 

-'.5333  52  *02 

5  940% 

-.552732*02 

7  j  3  0  ■% 

‘••557V3IHJ  Z 

STANDARD  ATMOSPHERE 


3I3MA 

(RHO/3. l.RHO) 
.74  J93E-C i 
.743  39E-0  1 
.73695E-31 
.7  3335E-3 1 
.729852-01 
.72633E-31 

•  7  2292  t-3 1 
.719472-3  1 
.71597E-31 
.71245E-31 
.7G895S-31 
.7C543E-3 1 
.702332-31 

.593392-01 

• 69517E-0 1 
•59175E-G  1 
.383372-01 
. 685 33E-3 1 
.38163E-01 

•  S7  831E-3 1 
.574932-01 
.67163E-31 
•5634CE-31 
.665132-31 
.551892-31 

•  55354E-0  l 
•o5342E-31 
.652212-01 
.549032-01 
. 64583E-C  1 
. 64270E-3  1 
.633562-01 
. 63643E-3  1 
.533322-01 
. 63  j23E-0 1 
. 52713  E-0 1 
.624332-01 
.5213 4 E- Cl 
.3183 12-0  l 
. 6 149  3  E-C 1 
.511992-01 
. S39UCE-0 1 
.6C5J3S-01 
.501392-01 
.3GJ13E-01 
.597212*01 
.5943CE-01 
.591402-01 
. 58852E-C 1 
.585652-3 1 


DELTA 

(PRESS'S. L.P 
.559342- 
•  556572- 
.554022- 
.551392- 
.543752- 
.546142- 
.543542- 
.540952- 
.538372- 
.535302- 
.533252- 
.530712- 
.523132- 
.525672- 
.523172- 
.520632- 
•5132C2- 
.515732- 
.513282- 
-  .510342- 
.503412- 
.505992- 
.503532- 
.501192* 
.493912- 
•  .495442- 
.494092- 
.491732- 

•  4  8 )  4 ;;  *  * 
.  497072- 
.494762- 
.432452- 
.  433  172- 
.477892- 
.473622- 
.473352 
.47112- 
.458 99 2 
.453652 
.454442 
.452242 

•  4  50  08  2 
.457872 

•  455702 

.453542 

.431392 

.449252 

.447122 

.443012 

.442902 


SPEED  0*  ^OUMO 
PRESS)  (FT/SEC) 

-01  .968G8E+C3 

-01  . 968G9E*  03 

-31  .958082*03 

-01  «958C8E*G3 

-01  .953082*03 

-01  .95RCBE*03 

-01  , 958082*03 

-01  .958082*03 

-01  .958132*03 

■-31  .95819E*03 

;-01  .95825E*03 

;-31  .958332*33 

■  -  0  1  .96840E+03 

■  -01  • 96347E  *C3 

;-0  t  •  96R53E  *  0  3 

r-01  .9586GE+Q3 

r-ai  -.  96867E  +  0  3. 

r-01.  .95B74E  *  03 

2-31  .9588CE*C3 

-  - 0 1  .958872*33 

r-31  . 95894E*G7 

---01  .959012*03 

“  —  01*  .9S957E+C3 

1-  3 1  • 95914E *  C3 

- -0  1  .95 9 21 F.  *03 

2- 01  . 95923E  *C3 

£-0  1  .959342*03 

£-0  1  . 9594  IE  *03 

--01  .95949E+G3 

---Ql  .  96955E  *  C  3 

£-01  . °S96iE*  C  3 

--01  .959682*03 

-"-01  ’  .969752*03 

2-01  •  95  982E  *  0  3 

2-01  .95988F.  +  C3 

2-01  •  9S995E  *03 

2-01  »  97 0G2E ♦ 03 

-*-01  ,97CC9E*03 

2-C1  .97315E*03 

2-01  .970222*03 

2-01  »97829E*03 

2-C 1  ,97036E*03 

£-31  «9704?E*03 

12-01  .97049F«-03 

2-01  ,97056E*0J 

12-01  .9m3F*03 

I2-C1  .97069F  f 03 

!  2-3 1  .97975E*03 

.2-3  1  . 97083E  +  03 

12-01  ,97393E*03 


A- 14 


62 1  008 


-€258-9 


196’  U.S.  STANDARO  ATMOSPHERE 


°USSURE  ALT 

TEMPERATURE 

( FT1 

lOES.DENTKiRADE) 

70100. 

-.552131+32 

7:230. 

-.53185E+32 

70300. 

-.531532+32 

70433. 

-.53124E+32 

7393’. 

-.553342+02 

70603. 

-.55:642+32 

70703. 

-.  3  5  03  32+32 

7033:. 

-.35  Cl  32 +  32 

7 : 9 .) : . 

-,54970:+32 

7133:. 

-  •  5  4  9  4  3  E  +  3  2 

71130. 

-.349122+02 

712::. 

-.5488:2+:  2 

71303. 

-.5  4  35  22+02 

714  or. 

-.648222+02 

7103.. 

-.5473l£ *32 

71*;  j  j* 

-.547612 +32 

7 1  7  3  . 

-.5 4 73  IE +  0  2 

7 1  H  0  1 . 

-.547032+02 

7190;. 

-.5467.K  +  02 

72030. 

-  •  94  64  02  +  0  2 

721.1.;. 

-.54 6132+32 

7  22  ; :. 

-.545742+02 

723:; . 

-.  3434  32+32 

7  24  1*. . 

-.54519“ +02 

7  2  U  0  ’  • 

-  ,  5  4  4  !1 9  2  +  3  2 

7 z\ , : . 

-.54m58E+G2 

72730. 

-.544251+32 

7233c. 

-.565931+02 

72900. 

-.54357?'  ’32 

7  3  0  C  0  . 

-.543372 +32 

73100  . 

-.54337E  +32 

73203. 

-.542772+32 

73300. 

-.542462+02 

7340 J. 

-.542131+0’ 

7  353'  . 

-  .  5  4  H  5  E  +  J  .2 

73600. 

-•5413)1+02 

73730. 

-.64125E+02 

73330. 

-.540352+32 

73930. 

-.54C63E+C2 

7  4  3  0  w  • 

-  .  5  4  C  3  3  E  +  3  2 

74133. 

-  .  >4  C  j ^£+0  2  ' 

74233. 

- .534742  +32 

74330. 

-.-•79442  +  02 

74433. 

-.‘3391  3F.+J2 

7  4  9  C  0  . 

-.538832  +32 

76603. 

-.533532+02 

74730. 

-.538232+02 

7  4  6  .  c  . 

-.537922+32 

74-130. 

-.637522*02 

7003.. 

-.537322+32 

SI  3  HA 

DELTA 

(RHO/3.L.RHO) 

(PRESS/S. 1. PRESS) 

.58279F.-C1 

.440802-31 

.37995E-01 

.435712-31 

.577132-01 

.436642-01 

.5743’E-Ol 

.434572-01 

.57152E-31 

.432512-01 

. 5  69  74E-0  1 

.433472-01 

.565972-31 

.423432-01 

.363212-31 

,425402-01 

.560472-31 

.424392-01 

.557742-31 

.422382-01 

.355032-01 

.423332-01 

.552332-01 

.413402-31 

.549542-01 

.413422-01 

.546375-31 

,414452-01 

.54431E-31 

.412492-01 

.541632-01 

.419542-01 

.339332-31 

,403512-01 

.535412-0 1 

.433632-31 

.53  533  2-0 1 

.43  *762- 0  1 

.331212-01 

.402542-01 

.523632-01 

.403942-31 

.526032-01 

. 399052-01 

.523532-01 

.397172-01 

.32)352-01 

. 3  93 ’9  2-0  1 

.51843E-31 

.  .393432-01 

.515 9 IE- 01 

.  391572-0  1 

. 51 341E-D 1 

,339722-01 

.311922-01 

.387892-01 

,359442-0 1 

.  335062-C  1 

.505372-01 

,334242-01 

.503522-3 I 

.352432-01 

.501072-01 

.380522-01 

. 49364  E-3 1 

.373832-01 

.496222-01 

.377042-01 

.49332E-3  1 

.373272-01 

.491422-01 

. 373502-01 

.489042-01 

. 371742-01 

.486572-01 

.359992-01 

.484312-31 

. 353252-01 

.481972-31 

. 365522-01 

.479632-31 

.354792-01 

•  ■»  77  312-0  1 

. 353072-01 

.4750:2-01 

.351362-01 

,472702-0 1 

.359662-01 

.470412-01 

.357972-01 

.46813E-01 

.355292-01 

.465372-01 

354  612-01 

.45351 E-Cl 

.352952-01 

.461372-01 

.331292-01 

,459142-01 

, 349632-31 

SPEED  OF  SOUND  ' 
(FT/SEC) 

•  970952+03 
.971C3E+03 
.97110E+C3 
. 97117E+03 
.97121E+03 
.97130E+03 
.97137E+03 
.  97144E+  03 
.97150E+03 
,97.157c +  03 

•  97164E  +  C3 
.97171E+33 
. 97 177E  +  Q  3 
,  971B4E  +  03 

•  97 19  IF  +  03 
, 97193E ♦ C  3 
, 97  2  C4E ♦ 03 
. 97211E+03 
.97213E+03 
.972242+03 
.972312+13 
.97238E+03 
.977452+03 
.97251F+03 
.972530  +  03 
«  972632+03 
.972722+03 
.972732+03 
.977852+03 

, 9729’F  +  03 

.97299E+C3 

.97305E+G3 

.97312F+03 

, 97319E+03 

.97325E+03 

.97332E+03 

, 97339F  +  C3 

.973462+03 

.973522+03 

.97359E+03 

.97366E+03 

.97373E+03 

.  97379E  +03 

,  97386E  +  C3 

•  97  393E  +  03 

.373992+33 

.974&5E+03 

.974132+03 

•97420E+03 

• 974262 +  03 


88 1  0  0  A 


1 )52  U. 

S.  STANDARD  ATNDSPHERE 

=*R5SSUR:  ACT 

T5M:»c<ATURE 

3 1 5  MA 

DELTA 

SPEED  Oc  SOUND 

(FT) 

t  o  E3 .  o  >*  m  r  t  c  ^  a  oe » 

(RN0/S.L.9H0) 

(PRESS/3. L. PRESS) 

t-T/SEC) 

73130. 

-.5370  25+02 

.455015-31 

.347995-01 

.974335*03 

T5233. 

- .536715 *02 

.4 5470c -01 

.346365-01 

.9744 0  E  +  G  3 

7510  0. 

-.536415*02 

.4  52  515-0  1 

.  .344735-01 

•  97  446E*  03 

75<*u0.  ■ 

-.536115*02 

.4  50  525-G1 

.343115-01 

• 97453E+03 

7550  ;. 

-.335811+0? 

.444145-01 

.341505-01 

.974635*03 

-.5  355  05*3-* 

.445-975-3  1 

.339805-01 

,97467E*03 

75700. 

-.535?  36*02 

.443325-01 

.338305-01 

.974735*03 

7  3  ft  3  J  . 

-.534931*:? 

.441675-01 

.335715-01 

.974ft 05*33 

759Jj. 

•  •  53 T‘l  f  3  <L 

.430545-01 

.333135-01 

.974875*03 

-.534? 3£  *32 

.437425-01 

.333565-01 

.974935*03 

75133. 

-.5 35 9 3c *32 

.435305-01 

.331995-01 

.975005*03 

7  6  0  0  i  . 

-.  5  3  3  ,  ):»1? 

.433205-31 

. 339435-01 

. 975075*03 

76300. 

-.533))-:  *02 

.431115-31 

.325885-01 

.975145*03 

76430. 

*02 

.429035-01 

.327345-01 

.975205*03 

763 03. 

-.53279=:  *  12 

.4263b£-01 

. 325805-91 

.975275*03 

-.53?'*  >5  *  12 

.424905-01 

.324255-01 

.975345*03 

75703, 

-.53213 C *3 2 

.422335-01 

. 322755-31 

.975405*03 

7 58 3 C  • 

-.5318  7-:*  32 

.42031E-C1  • 

.321245-01 

.975475*03 

76900. 

-.53157£»02 

.418745-31 

.319745-01 

•  97554E  *  03 

77330. 

-  .  5  3 1 3  7  ♦  0  2 

.416765-01 

.313245-01 

.975615+03 

77130. 

-. 33  0  9  bi ♦ 32 

.414755-31 

.316755-01 

.975675*03 

77200. 

-  •  0  $  c  *i  b  £  *  0  2 

.412705-51 

.315255-01 

.975745*03 

77333 . 

-.5.::  355*32 

.410765-01 

.313785-01 

.975815+03 

-.530055*0 2 

. 40  ft77  E-3  l 

.312315-01 

.975875+03 

77533. 

-.02'>7»5  *02 

.406835-01 

. 310855-01 

.975945*03 

77630. 

- . 5  s  94 ”£*32 

. 40  484E-C 1 

.309405-01 

.976015*03 

77733. 

-.529135*02 

.402695-31 

.307955-01 

.97607F+03 

77033. 

-.0 3  8835*32 

.305515-01 

.976145+03 

72430. 

.399325-01 

.303075-01 

.976215*03 

7  ft  0  3  3  . 

-.52ft?  .5*02 

.397135-01 

.303545-01 

.976285+03 

7  ft  1 3 : . 

-.327045*02 

.335135-01 

.302225-01 

.976345+03 

7  h  r  3 : . 

-.527545 *02 

.393285-01 

.300815-01 

.976415+03 

/ 3330. 

-.5  2  7  3  0-5  *0  2 

.391395-01 

.299405-01 

.9764SE+03 

-.5270  35  *02 

. 389505-0  1 

•298CC5-C1 

.976545*03 

7  ft  '■>  3  0  . 

-.526755*22 

«  3  8  7635-3 1 

.29551 5-91 

•  97661E  +  C3 

Jy* 

-.5264  *22 

.335755-01 

. 295225-01 

.976685*03 

787  J3. 

-.5?»12£  *22 

.383915-01 

.293845-31 

.976745+03 

7  ft  ft  0  0  . 

-.525425*02 

.382055-31 

. 292475-01 

.97681E+03 

7ft930  . 

-,52552c *02 

.330225-01 

.291135-01 

.97688E+03 

79003. 

-.52522E+Q2 

.378395-01 

.281745-01 

.976955+03 

79131. 

-.524315*02 

.376575-01 

.288395-31 

.977015*03 

7923C. 

-.524515*02 

•37475E-01 

.287045-01 

.977C8E+C3 

79333. 

- . 52431c  *0  2 

. 37 2955-31 

.283705-01 

•  97715E  +03 

79433, 

-.524315*02 

.371175-01 

,  .294365-01 

.977215*03 

79500. 

-.523705*32 

•36939E-01 

.283035-01 

.977285*03 

79033. 

-.523405*02 

.367615-01  .. 

.  .281715-01 

,977355*03 

79731. 

-.52  313,"  *02 

. 365845-01 

.280405-01 

•  97741E  +  03 

79')03. 

-. 522435  *02 

.3640  1E-0  1 

.279095-01 

.977485+03 

79)03. 

-.52,?4  9E  ♦  0 2 

.362345-01 

,277795-01 

.977555*03 

1  j  ,  ( 

-.52. '*105  *C 2 

.360505-01 

.275495-01 

. 97762E+C3 

6*1 008 


195)2  U.S.  STANDARO  ATMOSPHERE 


RSSSURS  ALT 
(FT) 

1  J  1 0  3 . 
33200. 
1C30J. 
3C400. 
30533. 
33533. 

3  0  7  3  J  . 
80830. 
30931. 
31333. 

3 1 1  3 . 
31233. 
91303  . 

•3 1 0  _  . 

3  1  5  3  3  • 
Ur,3v. 
31733. 

3 1 3  C  3 . 

119  0  0. 

3  2  j  3  2  . 
32133. 

322  3  3 . 
12230. 
02403. 
92503. 

3  2  f,  :  C  . 
92730. 
92935. 

3  2  333. 
33335. 

9  3  1 3  u  . 
33230. 

9  3  3-35. 
33430. 
93503. 

9  3  b  0  U  . 

9  37-3  0  . 

93.-.  0  3  . 
83-305. 

3  4  c  a  0  . 
94100. 
34200. 
94300. 
34400. 
34500. 
34603. 
84/33. 

3  4  3  J  . . 
34rlO  i  . 

3  -0  3  0  ; . 


TSH^E MATURE 
(OEG ■ SENT  I  GRADE) 
-.521.9  3-402 
-.521502 +32 
-.521 2 IE  402 
-.52-3-332402 

-,5?r53S4.02 

-  .  5  2  m  £  4  0  2 
-.520372432 
-.51577-402 
-.519472+92 
-.515172402 
-.0189 5E 4 32 
-.518362422 
-.512255422 

-  .  5  1  75 55 +.02 
-.017531432 
-.517332402 
-.517235+02 
-.51675-:*  02 
-.514.3E+02 
-.51514E+22 
-.515345+02 
-.515542  +  02 
-.515245+32 
-.514331+02 
-,514b J  £  +  2  2 
-.5143":;  +02 
-.514035+32 
-.51372S+22 
-.31  14 2c +12 
-.513122+32 
-.5129  ?* +02 
- . 5 1 25  tE  +  02 
-.512212+02 
-.511012402 
-.511515+32 
-.51130E+C2 
-.5113  3 S  ♦ 3 2 
-.51'072E  +  32 
-.51 042  £»‘3  2 
-.513132+32 
-.5'.  9752+02 
-.50543E+02 
-.509192+32 
-.5283 3E *32 
- • 5 9  35  IE  +92 
-.50 823E+02 
-.507932+02 
-.5 ' 739E +02 
-.57737E+02 
-.53707E+02 


51094 

(RHO/S.L.RHD) 
.3  5807-0-0  1 
•35714E-31 
.35543E-C1 
•35372E-31 
.352022-01 
,353  34E-3 l 
. 3  4065E-3 1 
,  3  4  59  9  E- 0  1 
.34532E-01 
.34355E-01  . 

. 342C1E-3 1 
.34037E-01 
. 33374E-0 1 
.33712E-01 
. 33353  £-5 1 
.  33330  E-3 1 
,  332 33 E-3  t 
.  330  72  £-2  1 
. 32912E-0  1 
.32754E-31 
.32513E-2  1 
.  32442  E-0  1 
.322  9  5E-0  1 
•32132E-01 
.  31  379E-0  1 
.31923E-01 
,316732-01 
.313212-31 
.31 371E-C 1 
. 31221E-3  1 
.31371E-01 
• 3t 9232-31 
.30  775E-01 
.  3  0  62  3  E-0  1 
. 3C431E-0  1 
•3C335E-31 
.3GniE-01 
.  3  0  3  47E-D1 
. 2 94 3 3 E-0 1 
.29  750  E-0 1 
•29611E-C 1 
.2  9477  E-0 1 
.29335E-Q1 
•  29195- -0  1 
.29937E-C1 
.  2  8915  E-0 1 
.2  8  70OE-3 l 
.2564JE-0 1 
.28527E-01 
•28371E-01 


DELTA 

tPRESS/S.L. PRESS) 
.27320 £-31 
. 27392£-01 
. 27254E-01 
.271372-01 
.  270  1Q2-0  1 
. 250342-01 
'  .257592-01 
. 266342-0  1 
.255102-01 
.263872-01 
.252642-01 
.251412-01 
.250202-01 
.230932-01 
. 257732-01 
.255512-31 
.253392-31 
. 254192-01 
.253012-01 
.251032-31 
.  253 6-52-01 
. 240502-01 
. 24334E-01 
.247132-01 
.246032-01 
.244892-31 
.243752-01 
. 242622-31 
.241492-01 
.240372-01 
.239252-01 
.239142-01  . 
.237032-01 
.235932-01 
. 234842-01 
.233752-01 
.232662-01 
.231582-31 
.230512-01 
.  .229442-01 
.225382-01 
.227322-01 
.226252-01 
.225212-01 
. 2  2417E-C 1 
.223132-01 
.222102-01 
.221072-01 
. 223042-01 
.210022-01 


SPEED  OF  SOUND 
( JT/SEC) 

, 9  7763E  +  03 
. 97775E  +  03 
.97782E+03 
.97789E+03 
. 97795E  +03 
. 97  8  0  2E  +  0  3 
.970G0E+O3 
. 97  815E  +  03 
.97022E+O3 
, 97  023E  +  33 
.  97  8  35  E  +  0  3 
. 97R42E+03 
. 97849E+03 
. 97855E+03 
. 97062E+C3 
. 97869E  +  03 
. 97875E  +  03 
. 97  9B2E  +  03 
. 97  889E+03 
.97895E+03 
• 97902E+03 
. 97929E+03 
. 97915E+33 
.97922E+03 
. 97929E  +  03 
.97'4?56  +  03 
•9/942E+C3 
. 97949E+03 
.97955E+03 
.97962E+03 
•97969E+03 
.97975E+03 
.97982E+03 
.97989E+03 
.97995E+-03 
.93DC2E+03 
. 99009E+03 
• 90315E4D3 
.98C22E+03 
...  •  98C29F  ♦  03 
.93635E+0J 
•95042E+93 
.99C49E+03 
. . 93055E+G3 

•  98062E  +03 

•  9906  9E  +  0  3 
. 99  C75E  +  03 
.930R2E+03 

•  98(’89E'+03 
.  93C9  5E  +  3  3 


A- 17 


6  8 1  0  0  0 


11u»  U.S.  STANDARD  ATMOSPHERE 


•+92S5U92  AUT 

<r  n 

33133. 

35210. 

35  30 J . 
3543j. 
3553d. 
85603. 

937  J  J . 
85800. 
85900. 

8  6  G  0  0  . 
95130.  • 
36200. 
96503. 

36^ 30. 
98503. 
98600. 

387  3k.. 
96800. 
36905. 
37000. 
37130. 
87200. 

973 J3. 

9  74-30. 

3  75  G  0 . 

375 33. 
87700. 

379 j  ;. 
3793C . 
a  .3 .  r.  - . 

9  9  1  3  . . 

99:00. 

9  8  5  3  J . 

3  8  u  J 1 . 
39500. 
3.9630. 
39703. 
98330. 
99303. 
99GJC. 
9913C. 
99203. 
99333. 
99403. 
99600. 
99003. 
3970C. 
99933. 
99930. 

3  W  L  0  J  . 


TtM’ERATURi 

SIGMA 

(OcG .S5NTI GRADE) 

IRMO/S .  L . RHO) 

-.506772+12 

.292355-11 

-.506472+02 

. 281015-01 

-.506152+12 

.279572-0 1 

-.505852+02 

.278342-01 

-.508552+02 

.277015-01 

-.505252  +12 

.275692-01 

-.5)4952+32 

.274395-31 

-.534552*02 

.27  337  E-0 1 

-.534552+02 

.  27 1 77  £-0  1 

-.504052+02 

.270495-01 

-.503732+02 

.259195-01 

- . 5  0  3442  *0 2 

.267915-01 

-.503142+32 

.256635-3 1 

-.5:2842+02 

.265355-0 1 

-.502542+12 

.264102-0 1 

-.502232+32 

.2528 5 C-3 1 

-.51193".  +  32 

. 26161E-0 1 

-.501532+12 

.25  0  352 -31 

-.501332+12 

.25111E-01 

-.50113- +02 

•25793E-01 

-.500722+32 

•  2  5684E-3 1 

-  •  ■}  0  04  22  +02 

.255445-31 

-.300122+02 

.254222-01 

-.499022+02 

.250315-01 

-.49 93 12 +32 

•  25131E-0 1 

-.499212+02 

.250525-31 

-.4 58912+02 

.249432-01 

-.49H51E+32 

.24324E-G 1 

-.499312+32 

.247)55-01 

-.498002+02 

.245395-01 

-.497702+02 

,24 '+ 725-01 

-.497402+02 

,24305c-Cl 

-.497102+02 

,2<.24lE-31 

-.436792+02 

.241252-01 

-.496492+02 

.24)115-01 

- . 4  9619c  +12 

.2  3.1  372-01 

-.495392+32 

.237845-01 

-.4353  32  +12 

.236715-31 

-.495232+02 

.235595-31 

-.494932+02 

.234475-01 

-.434592+02 

.233355-31 

-.434392+02 

. 232?5c-0  l 

-.494072+12 

. 231155-01 

-.433772  +  32 

.2.3015  2-0  1 

-.43047E+12 

•  22<)  975-Gi 

-.49317E+32 

.227895-01 

-.49237E+02 

.226315-01 

-.432552+12 

.  22573E-0  1 

-.492262+02 

• Z2465C-0 1 

-.49196E+02 

.22  3605-0  1 

D2LTA 

(PRESS/S... PRESS) 
.215011-01 
.2170C2-C1 
.215995-01 
. 21.992-C  1 
, 214QC2-C1 
. 21331E-G  1 
.212322-01 
.211042-01 
.210052-01 
.209092-31 
.209132-01 
.207162-01 
.205212-01 
.205252-01 
•2343S2-G1 
.203362-01 
•  2  0  2422-0  1 
.201492-01 
.203552-01 
.199632-01 
.199702-01 
.197792-01 
.196972-01 
.195972-01 
.195052-01 
.194162-01 
. 193252-01 
. 192372-01 
.191492-01 
.190602-01 
.159722-01 
.189352-01 
.  1.97  932-01 
.  187112-0  1 
#136262-01 
.195392-01 
.  184542-0  1 
.133692-01 
.192342-01 
.182002-01 
.  181162-01 
.190332-01 
.179492-01 
.  179672-0  1. 
.177852-01 
.177032-31 
,176212-01 
.175402-31 
,174802-31 
.173792-01 


SPEED  0?  SOUND 

("T/Sm 

.98102E+03 
. 981C9E  +  0  3 
.  93115E+03 
.981225  +  0,3 
•981295+03 
.981355+03 
.93142E+03 
. 93 1495 ♦ C  3 
.9315524-03 
.981622  +  03 
.931692+03 
.991752+03 
.981822+03 
•  .981892+03 

.981952+03 
.992022+03 
.932092+03 
.932132+03 
•93222E+03 
.992292+03 
.  93  2  3-3E  +  33 
.932422+03 
.992492+03 
.992552+03 
.992622+03 
.992692+33 
.93275E+03 
.932822+03 
.932892+03 
. 99295E  +  0  3 
•993C2E+G3 
.  93  3C  9C  +  0 3 
,933152+03 
•99322E+03 
. 93323E+03 
.933352+03 
.933422+03 
. 93348E  +  03 
.993552+03 

•  98362F  +  03 
. 93365E+03 
.983752+03 
•98382E+03 
.983832+03 
• 95395E+33 

•  9940  2E  +  03 

•  93409E  +C3 
.  95415E ♦ 03 
.934212+03 
.934292+03 
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6  2  1  0  0  8 


130’  U.S.  5TAIJ0AR3  ATMOSPHERE 


6SSUR6  ACT 

TEM»ER»TURE 

( FT) 

«DE3.:ENri5RAO 

90100. 

-.49165*432 

9C2JC. 

-.49135*402 

90303. 

-.4410  "432 

90433. 

-.43073*.  402 

9C5JC. 

-  *  4  9  C  4  3  E  4  0  2 

9  C  6  3  3  . 

-.49'13£  422 

9070). 

-.H 8 98 4; 402 

93830. 

-.43954;  +  02 

90900. 

-.4-892  4=40 2 

3i:ao. 

-.4 8** 94*  40  0 

91100  . 

-  .  u  6  3 .»  56  +  02 

91200. 

-.438311432 

9  1 3  0  j  • 

-.4  8  “0  35  4  02 

31403. 

-.487/  IE  *C  2 

91333. 

-.48741-402 

9 1 6  0  j  . 

-.4  •?  71  2E  43  2 

9 17  uu . 

-  .  4  8  68  ?E  4  3  2 

91303. 

-. 4  8  65  2;  ♦  3  2 

31900. 

-.486226+02 

32C30. 

-.48:32-1  402 

32130. 

-.495516+02 

92200. 

-  .  4  J  •  -  3 1 E  4  0  2 

92300. 

-.  4853  1*1  402 

32430. 

-.484715+02 

32530.  ' 

-.4344.1;  +  32 

92630 . 

-  .  4  8  4 1  ?  *  +  3  2 

32703. 

- . 4  9 ' 5  3 1  +02 

92330. 

-.48’v  3 £  +■  3 2 

92933. 

-.48323; 432 

93001. 

-  .  4  9  ?  3  9  E  4  0  2 

93100. 

-.492516+02 

33200. 

-.432296+02 

93303. 

-.48199c +02 

1343Q . 

-.43151* +02 

13533. 

-.491336+02 

93630. 

-.48103*.  +  02 

93703. 

-.486736+02 

93803. 

-.48C43E432 

939-30. 

-.48  jHE+02 

94  C  00 . 

-.479376402 

94100. 

-.479576+02 

94203. 

-.47927E+02 

34300. 

-.47897E+32 

9443C. 

-,.47857*  402 

94530. 

-.478356+02 

345  33. 

-.47835E+32 

947C0. 

-.477756+02 

94800. 

-.477456+02 

3  u ')  3 . 

-.477186402 

35  C  3  3 « 

- . 47635E  4fl  2 

STOMA 

D6LTA 

(RH0/S.C.R40) 

(PRESS/S. C. PRESS) 

•  22254E-0 1 

, 17299E-01 

.  22149E-0 1 

.172206-31 

.223446-0 1 

.171416-01 

. 21940E-0 1 

. 173526-01 

.218955-0 1 

.159836-01 

.217335-01 

.159056-01 

.  2  1 63  3  E-0  1 

.153286-01 

. 21523E-3  1 

. 157506-31 

.214256.-01 

. 155736-01 

.21320E-0  1 

.163976-01 

.212246-01 

. 163216-31 

.2112 4 £-01 

•  154456-01 

.213246-31 

. 153696-01 

.  20  924C-01 

. 152946-01 

.208256-01 

.  152  196-01 

.  20  727E-01 

. 151456-01 

.206296-01 

■ . 153716-01 

.20 5326-01 

.159976-31 

.204336-01 

. 159246-31 

.20 3396-01 

.153516-01 

.202436-01 

.157736-01 

.20 1476-01 

.157056-01 

.203526-01 

.155346-31 

•  19'958E-3  1 

.  155626*01 

. 198636-0  1 

.154916-01 

.197706-01 

.154206-31 

.196756-01 

.153496-01 

.195846-01 

.152796-01 

.194916-01 

.152096-01 

.194006-01 

.151396-01 

.193335-01 

.153736-01 

.192176-31 

.153016-01  . 

.191276-01 

.149326-01 

.193375-01 

.143546-01 

• 18947E-0 1 

.147956-01 

.168536-01 

.147236-01 

.187696-01 

. 146516-01 

.185816-3 1 

.145946-01 

.185936-01 

.143276-01 

.  .185036-01 

.144616-01 

.184186-01 

.143956-01 

.1" 331E-01 

.143296-01 

•  18245E-0 1 

.142636-01 

.101596-01 

.141986-01 

.133746-01 

.  141336-01 

.179396-31 

.  140596-01 

.179046-0 1 

.143046-01 

.173236-31 

.139406-01 

.  177.356-01 

.138776-0 1 

.  1 7  65  3  6  -  C  1 

.138136-01 

SPEED  OF  SOUND 
(-T/SEC) 

. 984356+  03 
.98441E403 

•  934486  *-03 
.  .934S5E+03 

•  93461640  3 
, 934636+  03 
.98475E+13 
.984816403 
.  93483E+03 
.934946+03 
.935016+03 
.  935036403 
.93514EV03 
.995216+03 
.935236403 
•935346+03 
.935416+03 
.93543F.  +  03 
.935546+03 
.  935616+03 
.995676403 
.  93574^+03 
.933B1E+C3 
.99587E+03 
.  935946+03 
.986016+03 
.9.36076  +  03 
.99614:403 
.936206+03 
.936276+03 
.  936346  *-0  3 
.  93543E  403 
.  986476  403 
.936546403 
.  93665E+03 
.  93667E  403 
.98673E4C3 
.93680E+Q3 
.9B687E4C3 
,93ft93E403- 
. 93700E+03 
.937076+03 
.987136+33 
• 93720E+03 

•  93725E  403 
.98733E+03 
.9374CE4C3 
.99746E403 
. 9375 3E *03 
.937596+03 


6  2  1  00  fi 


A- 19 


19o?  U.S.  STA'JOAO  ATMOSPHERE 


:s3u<i  alt 

TEM3E>0Ttn£ 

(FT) 

<OE3.0£'4TI64\9i: 

93190. 

- .  >♦  7  65  3  E  ♦  3  2 

95230. 

-•476252+02 

95330. 

-.47590= +32 

95400. 

-.-.7364E  +  32 

95500. 

-.47  55  4  •2  +  32 

956C0. 

-.47654=  +  02 

957  0C  . 

-.47474E+02 

9^830. 

-. 47444  £ *3  2 

95400 . 

-.47415=02 

3  8  o  w  j  . 

-.47  2)  ;:o2 

9  o  1 3  3  • 

-.4  7  75  52  +  32 

98230. 

-.  4  7  57  92  +  32 

95300. 

-.472)  56  02 

964  00. 

-.4 7  281=0  2 

96500. 

-.47232=5-22 

1 6o0  0 • 

-.47=0  2"  <-02 

96700. 

-.4/l7=>E02 

9633:. 

-.4  714?=  02 

1690). 

-.47111-02 

97030. 

-.472012+12 

97100. 

-.47051=02 

9720). 

-.47221=02 

97332 • 

-.4  699  1=0  2 

17400. 

-•U5950=+3'2 

97530. 

-.46953=02 

97600. 

-.454002+32 

97700. 

-.458732+02 

97800. 

-.46843=5-22 

97909. 

-.45813=02 

98  GOO. 

-.4677  It  *-32 

98100. 

-.46743=  02 

98202. 

-.4671 32+32 

93332. 

-.456392+32 

98432. 

-.466592+32 

98500. 

-.466282+02 

98622. 

-.455932+02 

30702. 

-.4355)2+32 

90802. 

-.4363)2+12 

99902. 

-.45?: O  +  3  2 

99030. 

-.434772+32 

9  9  1  3  3  . 

-.45 44 72+02 

192  0  1. 

-.45417  =  +  02 

99  )32  . 

-.457)7  0+32 

99402. 

-.463572+22 

995  0  3. 

-.463232+32 

99502  . 

-.45215" +32 

19732. 

-.452532  +32 

91 '32. 

-.452352  02 

i)'1 3 : . 

-  .  =  3  2  3  j  2  +  C  2 

122.30. 

-.451752+22 

SI3MA 

DELTA 

(9H0/S.L.29O) 

(“RE53/S.L. PRESS) 

,  17  57  0  E-3 1 

.137502-01 

.17437E-0 1 

.135872-21 

.174252-01 

.133252-01 

.173242-01 

.  135632-01 

. 17242E-? 1 

.135012-01 

•  17131E-3  t 

.134392-01 

-.17391E-C1 

.133732-C1 

.173)12-21 

. 133172-21 

.161212-01 

.132562-01 

.if 041E-31 

. 13116  2-0  1 

. 16762E-0  1 

,131362-21 

.16604E-21 

.13)762-01 

. 16635 E-01 

.133132-01 

.  165282-0  1 

.12 9 57 2-01 

•1845Cl-C1 

.128982-01 

.163732-01 

.128392-01 

.  162  33E-0  1 

.127812-01 

. 16  2  23  E-C  1 

.  1272.22-C1 

.16144 E-01 

.126642-21 

•  1 6  0  68  E-3 1 

.  126C72-C1 

•  15393E-G  1 

.125492-31 

.1531)2-31 

.124922-31 

.15  )  4  3 1 -  3  1 

.124352-01 

. 15759 t- 21 

•12379E-01 

.15 6932-31 

.123222-01 

.156222-01 

.122562-0 1 

•15543E-31 

. 123112-01 

• 15475E-C 1 

. 121552-01 

.164332-31 

.121022-01 

.15331  =  01 

.121432-01 

,15  26  3  E-C  1 

.1199C2-C1 

.131B0E-CI 

.119362-01 

.15117E-D1 

.110812-01 

.  15 0  45E-0 1 

.110272-01 

.14)732-31 

.117742-01 

.  149  3  5E-0 1 

.117202-01 

. 14635F -0 1 

.113672-01 

•14757E-31 

.116142-01 

.146982-01 

.115612-01 

.  14629E-21 

.115092-01 

.145312-01 

.114562-01 

.14-4  33  =  01 

.114242-01 

. 14425E-D 1 

.113532-31 

.143302-01 

.113212-01 

.  1 4291 E-3 1 

.112502-01 

.142242-31 

.111992-01 

.14159E-01 

.111402-01 

.1UJ92E-01 

.110972-01 

.  14  3  23  2-0  1 

.110472-01 

.13  ) 6 Or. -  01 

.101972-01 

A-20 

-6-2-£6  9 


speed  o=  Sound 

(FT/SEC) 
.98763E+03 
.9S773E+C3 
.98779E+03 
.98783E+03 
.93791E+C3 
.98791F+C3 
.95.0C5E  +  Q3 
.908122+03 
•93019E+O3 
.90023E+O3 
.93832=+G3 
.938 3 9F  +  03 
.  99l'4  5  E  ♦  0  3 
.993522+03 
. 99359E+C3 
.  130632+0? 
.90-072E  +  O3 
.938.78E  +  C3 
.938632+03 
.98092E+93 
.930902+03 
.98903E+03 
.909122+03 
. 93913" +  0 3 
.  90 9?3E  +  2 3 
.939312+03 
. 99  938E  ♦ C  3 
.  93  94  5C  +  03 
. 93951E+03 
.93953E+03 

•  93964E  +  03 
.  9897 1 F ■*•  0  3 

•  93978E  +  03 

•  909B4E ♦ 0  3 
.939912+03 
.98997E+03 
.  99  G  O’+E  +  0  3 
.99010E+03 
.99C17E+03 
.990242+03 
. 91030E  +  0  3 
.99037E+03 
.99C43E+03 
.99053E+03 
.99057E+C3 
•91063E  *03 

•  91073E+03 
• 99076E+03 
.993B3E+0? 
.9939?E+03 


6  2  1  0  0  6 


1" 

1962  0. 

S.  STANDARD  AT10SPHERE 

-  -  ”  1 

=><essure  aur 

T£M3E VI T  URL 

SI  IMA 

32  LT  4 

i 

SPEED  Or  SOUND 

(FT) 

(DES.OE'OtSRAOE) 

(RHO/S. 1.990) 

(PRESS  73.-0  PRESS) 

( "T/3EC) 

10 J1GG. 

-.451452+02 

.l3895n-0 1  • 

.103472-01 

.990932+02 

ioc2j:. 

- .4  6113*  +  02 

.  1  36  33  E-3 1 

.108932-01 

•  93 1 C  IE  +  0  3 

uc  330. 

-.450832+32 

.1 3765E-3 L 

. 104462-01 

.991092+33 

1C340C . 

-.4605-0  £  +  32 

. 137 J2E-01 

.107392-01 

•93115E+06 

1 J  ;  5  0  «  . 

-.45L252+0? 

• 13634E-3 1 

.107502-01 

.931232+03 

i3  :eoc’. 

-.439342+02 

.135742-01 

. 107012-01 

.931242+03 

13573:. 

“.439342+02 

.  1  3*:.ll£--0  1 

.931352+03 

133635. 

-.459342+22 

•  15448:.-"  1 

•  1  U'G  .?  '  --  - 

.  93142t  +  'Jj 

13C403. 

-.459042+02 

.133652-31 

.13557s -01 

.  93l>.?E  +  03 

131333. 

-.453742+32 

.133232-31 

.105092-01 

.931532+03 

131133. 

-  .45  04  12  +  0  2 

.13251 £-31 

.104612-01 

.931622+33 

1  3  1  ?  3  3  . 

-.4  581 32  +  0  2 

.131902-01 

. 104142-01 

.991632+03 

131333. 

-.457832+22 

.131342-01 

.103672-01 

.991752+03 

13103. 

-.457532+02 

.133752-01 

.103202-01 

.991822+03 

131533. 

-  .  4  5  72  6£  ♦  3  2 

.133152-01' 

.102732-01 

.991882+03 

131633. 

-.456322+02 

.129332-2 l 

. 132272-C1 

.931952+01 

131730. 

-• 4  5  65  32  +  0  2 

.1243:2 -31 

.101812-01 

•932C 22+03 

1213C3. 

-.45  6320  *-02 

.124  352-0  1 

.101342-01 

.932032+03 

131900. 

-.456122+02 

.12775  (--31 

.103692-01 

.942152+03 

10  2-3  33. 

-.45*0722+02 

.127152-01 

.103432-01 

.992212+03 

132133. 

-.455422+02, 

. 12635E-3 1 

•  993752  - '3  2 

.932282+05 

13223C. 

-.455112*02 

.125372-01 

.935252-02 

.932342+03 

132633. 

-.454512+32 

.125532-01 

.939752-02 

. 93P412+01 

1  j  2  4  0  C  • 

-.434312+02 

.12431 £-21 

.986272-02 

.932482+03 

132503. 

-.434212+32 

.124232-01 

.931X22-02 

. 94354F  +  03 

15263:. 

-.43. 3  312+02 

.12363*2-01 

.977342-02 

.9326 12+03 

132703. 

-.4513 3 £*02 

. 12337E-31 

.972972-02 

.392672+03 

I32fl33. 

- .  45  33  0E  *0  2 

.122502-01 

.966572-02 

. 992742+03 

13233;. 

-.437302  *02 

.121332-2 1 

.964202-02 

.  99?8(’E  +  03 

1 3  3 :  . 

-.432732+02 

•  12157E-C 1 

.939832-02 

. 992872  +  03 

136130. 

-.452402+32 

.12C30E-3 l 

. 955512-02 

. 93294E+03 

13  32 33  • 

-. 452102+02 

. 123  24E-3 1 

.951202-02  . 

•  9930  OE  +  0  3 

1 0  3  6  3  J  . 

-.431732+02 

.113562-01 

.945912-32 

.993072+03 

10  3433. 

-.451492+32 

.1 1913E-0 1 

.942642-02 

.933132+03 

1 5  3  •:  3  3 . 

- . 451192+02 

.116572-01 

.354362-02 

.933202+03 

133633. 

-.430392+32 

.118 C 2 E- 01 

.934152-02 

.93327E+03 

13  67  00  . 

-.453592+02 

.117472-01 

.923942-02 

.934342+03 

i:3333. 

-.450232+32 

,116932-01 

.925742-0 2 

.933402+03 

1:  mi. 

-.449362+02 

.  1  1633  E-0  1 

.921572-02 

.933452+03 

134002. 

-.44 9552+32 

.115352-01 

.317422-02 

.93.3532  +  03 

1-3  4  1  JO. 

-.449362+02 

.115312-01 

.913282-02 

. 9335  3E  +  03 

1 34233. 

-.44 9; 42+32 

•11477E-G l 

. 303162-02 

.933652+93 

1 J  4  6  0  3  . 

-.446742+02 

.114242-31 

.305072-02 

.933732+03  , 

i:44G3. 

-.446472+32 

.113712-0 1 

.900992-02 

.933792+03  ? 

1  3  4  5  0  j  . 

-.446172+02 

.  1 1319E-0 1 

,895932-02 

’  .993852+03 

1  3  4  b  5  3  . 

-.447372*32 

.112652-01 

.692832-02 

.933922-93 

13473.. 

-.447372+02 

.112142-01 

.554372-02 

.  9939-4*:  -  -.4 

1  j  UoCO  . 

-.44  7272  +02 

.1  1168E-31 

.884872-02 

.994  0 32+ I  3 

1.-9  GO. 

-.446942+0? 

.111102-01 

.880882-32 

.934122  +  9  3 

1 3 • :  3 . 

-.44  6  652  +  C2 

. 11J59E-1  1 

.875322-02 

.934182+ j 

1 

» 

1452  U.S.  STM0A20  ATIOSPHERt 


PRESSURE  ALT 

TEM3RUI.KS 

SI  3  HA 

DELTA 

t  “  T ) 

tOEG.DONriGSM).-) 

<  RHO/S. L • 990) 

(PR6SS/S.-. PRESS) 

105100. 

-.4453 S 6*02 

• 113C7E-G 1 

.972976-02 

10520 J. 

-•446:56*02 

♦1C953E-01 

.853C46-C2 

1 0  5  3  j  0  • 

-.44  5  7  3  E *  C  2 

. 109056-01 

.  853 13  E-0  2 

1 3  5  *.  o : . 

-.44045:40? 

.108 5 36-01 

.831245-02 

105500. 

-.44613:402 

•1G805E-01 

. 85735E-02 

105600. 

-.44441E 402 

.10733E-D1 

•9535CE-02 

i:5?o : . 

-.44353:432 

•107016-01 

.  8  4  367  E-C  2 

105800. 

-.4427  2£  4C2 

•106435-01 

.  84383  E-C  7 

1:59:0. 

-.44137:402 

.  1C5  97E-31 

. *4705 E-0 2 

105000. 

-.44103; 402 

•10543E-01 

•83927E-32 

135101. 

-.44018:402 

.104946-01 

•8345CE-02 

1  0  52  0  0. 

-.43934: *J2 

.104535-01 

.  830  75  E-C2 

106333. 

- ,  43  84  8-0  «  02 

.1C392E-01 

. 827036-C? 

1  j  n  ■»  0  0  . 

-.43 7302 40? 

.  10  3426-01 

• 82332E-02 

«  »*  *  r  *  • 

<L  -  7  J  J  ♦.  « 

- .  4  3  6  8  0  :  4  0  2 

.  1  0  292E-71 

. S1353E-32 

1 0  6  f  >  0  * . 

- .  4  3  6  J  5  E  4  0  ? 

•  10242E-3  1 

•81395E-C2 

13  5  7  0'.. 

-.453116*32 

.  10 192E-0  1 

'.  8 1231E-  0  2 

105800. 

-.43427*402 

.1C143E-01 

.803676-02 

106900 . 

-.4334 JE432 

.  10  3  94E-01 

.805036-02 

107003. 

-.42238:402 

.  1C3436-C  l 

.801456-02 

107100. 

-.43174E402 

.9996 4 £-3? 

.797856-02 

10  72  00. 

-.430 8 92 40 ? 

•  39481E-0  2 

.79.306-02 

1 7 1 : 3 . 

-.4  3  CO  r."  4  3  2 

.990006-92 

.790736-02 

107430. 

-.42920:40? 

.3U522E-02 

.787216-02 

10750.. 

-.428350**2 

.98045E-0  2 

.783706-02 

107600. 

-.427312432 

.973726-02 

.780206-02 

107701. 

-.4 2 65 72402 

.97 lOlc-O  2 

.773726-02 

1073  JO. 

-.42 53?: *J> 

.365335-02 

.773256-02 

107300. 

-.4  24  3*!-:  *02 

.961676-02 

.739816-02 

1380  OC . 

-.4241 3E*C2 

•937C3E-0? 

.765336-0? 

108100 . 

-.  42323? *  32 

.35247E-02 

.752966-02 

103200. 

-.4774  5  0  *02 

.'947836-32 

.739556-0? 

108300. 

-.u7i5  :£*:,2 

. 94323E-92 

.753186-02  ' 

10  840  j. 

-.42073: *32 

.933726-22 

.732926-02 

IQ  3 50  0  . 

-.41991E  *  12 

.934206-2 2 

.749476-02 

108600. 

-.41?37.;*C2 

.9 29716-32 

.746136-02 

138700. 

-.41822:402 

.925? 4 E- 02 

.742826-02 

1.’ 31)3.3. 

-. 417382*32 

.920736-02 

.739526-02 

138930. 

-.416?  i:*02 

.316376-02 

. 73523E-02 

13  90  03  . 

-.41639:402 

.  911.93  6-0  2 

.  732966-02 

139107. 

-.414841*32 

.907536-32 

.720716-02 

109200.. 

-.4140 OE  *02 

•90323E-32 

.726476-02 

139330. 

-.41.315E+02 

. 3  9883E-0  2 

.723256-02 

109430. 

-.41231:432 

.994S3E-02 

.720046-02 

1 0  9  6  0  C  . 

-.411456*02 

.890236-02 

.716856-02 

iOUQ  J. 

-.410322  *02 

•  88503E-0  2 

. 7 1 J67E-02 

1  J  9  7  0  0  . 

-.4  9  979: *32 

.381736-02 

•  7 1051E-9  2 

1198  00. 

-.43833E4J2 

. 8  7755E-0  2 

.70737 E-02 

1  0  >9  0  0. 

-.43809:432 

.37 J35E-32 

.704246-02 

no::.'. 

-.40  7246*32 

. 86913E-0  2 

.701126-02 

A- 2  2 

fr-8  26  9 


SPEED  Oc  SOUND 
<  rT /SEC) 
.994?5E*D3 
,99432E*03 
.994386*03 
.994456*03 
.994516*03 
.994696*03 
.99U8664G3 
.995046*03 
.945236*03 
.99541E+03 
.995596*03 
. 9  3  ?  7  9  E *03 
.  4-03 

.996i4E*03 
.946336*03 

•  996516  *03 
.33669E*03 
.  9  96 8  86  +  .’;  3 
.99705f*03 
.99724E+C3 
.997436*03 
.997blE*33 
.99779E*03 
.997996*03 
.999166*33 
.998346*03 
.9935364G3 
.999716*33 

•  999896  *03 
.999076*03 
.99929' *03 
.999.446*03 
•999626*03 

•  9  9981E*33 
.  99999E*G  3 
.1Q0C2E+04 
.  10  GC  46  *  04 
.  130056*04 
.13007E+04 
.100096+04 
.130UE*04 
.  1QC136+04 
.  100146*04 

•  13016E*04 
.130185*04 

•  1Q02GE+04 

•  10  0ZZE*C4 
• 100246*04 
• 100236 ♦ 04 
.  10 ! 276 *04 


6  2  1  0  0  8 


1162  U.S.  STANDARD  ATMOSPHERE 


PRESSURE  ALT 

TEMPERATURE 

SI3MA 

D0LTA 

(FT) 

(OEG. CENTIGRADE) 

(RH0/S.L.RH0) 

(PRESS/S. L. PRESS) 

110,134. 

“•42  6400*02 

.365320-02 

.693020-02 

112200. 

“.435350*32 

.063830-32 

.594930-02 

110333. 

-.434710*32 

.355770-32 

.591862-02 

110435. 

-.423350*32 

.352570-02 

.683812-02 

115503. 

-.403020*32 

.348502-02 

.685772-32 

110691. 

-.402170+02 

.344530-32 

.  502742-02 

110703. 

-.431330+32 

.34)522-32 

.571732-32 

113330. 

-.4  3CV3E  +32 

.836510-02 

.575732-02 

110905. 

-.319540*32 

.3  32522-C  2 

.673742-02 

111003. 

-.318330*32 

.828530-32 

.570772-02 

111100. 

-.397150*32 

.824500-02 

.557822-32 

111233. 

-.317110+32 

•92Q67E-D2 

.  654  882-0  2 

Ill J0j. 

-.316260*32 

.81675E-32 

.551952-02 

111403. 

-.315420+02 

.812370-02 

.553042-02 

111503  . 

-.394570+32 

.809000-32 

.555142-02 

111603. 

-.  J937  3E+32 

.303130-32 

.553252-02 

111703. 

-.392330*02 

.301320-02 

.653332-02 

111803. 

-.312340*52 

.  797  31E-C  2 

.647522-02 

111903. 

-.391232*02 

.793730-0? 

.544682-02 

112033. 

-.  31 C  152*12 

.789330-02 

.541652-02 

112103. 

-.389512*)? 

•  785200-0  2 

.  6390.32-02 

112203. 

-.3eS550*32 

.782470-32 

.535222-02 

112300. 

-.38 73 22+32 

.778752-0? 

. 533432-02 

112403. 

-.306)30*32 

.775330-02 

.633862-02 

11250 J. 

-.3161  *  5  i 

.771)30-02 

. 627392-02 

11263  J. 

-.3 3 P 230*32 

.757730-02 

.525142-02 

112700. 

-.3844  40  *  32 

.764102-02 

.5  2240,2-0? 

112503. 

-.383500*02 

.763480-32 

.513602-02 

112903. 

-.332750*02 

. 756800-32 

.515952-02 

113503. 

-.331510+02 

.753230-02 

.514272-02 

113105  . 

-. 331070*32 

•74)730-32 

.511502-12 

113203. 

-  .  3  3  C2  22  +02 

.  746180-0  2 

.50)912-02 

113300. 

-.379330+02 

.742550-02 

.836242-32 

113433. 

-.378330*32 

.739150-32 

.  50  363  2-32 

113500. 

-.  37  75  30*02 

.735530-32 

.603952-02 

113600. 

-.376540+02 

.732180-02 

.593342-02 

113733. 

-.376000*02 

.728720-02 

.533772-02 

11  3  8  0  J . 

-.  375160  +  02 

. 72523E-32 

.533132-02 

113905. 

-. 37(.81E+02 

.7  2106E-Q2 

.593542-02 

114003. 

-.37  24  72*22 

.713450-02 

.5373?2-02 

114104. 

-. 372j20+32 

.715370-02 

.585402-02 

114203. 

-.i7178:*22 

.711700-02 

.382052-02 

114 100. 

-.370944+32 

.708352-32 

.530322-32 

114403. 

-.370092+32 

•70302E-02 

.377792-02 

114503. 

-.359252+32 

.701700-02 

.573282-0? 

114600. 

-.358402+02 

•59840E-32 

.572772-02 

114730. 

-.  35  75  62  +  32 

.  593 HE- 0  2 

.570202-02 

114  8  0.,. 

-.356710*32 

•591040-02 

.557632-02 

U  -  3  3  . 

-. 355)7;  +02 

.588132-02 

.585342-0? 

Hi'::.. 

- . 5553  3; ♦ J  2 

•583)50-02 

. 532802-02 

A-23 

621  00  8  -fi-2  a  0  9  ' 


SPEED  0r  SOUND 
(OT/SEC) 

•  10C29E+Q4 
. 1D031E+04 

•  13033E+04 

•  10  033E  +  04 
.13036E+04 

•  1DC  330  +  04 
. 130400+04 
.  10Q42E+04 
.  10D44E+04 

. 10045E+C4 
.130472+04 
.100490+04 
.10R51E+04 
.1DC52E+D4 
.100350+04 
.13  0  560  +  04 
.130500+04 
. 139600+04 
.133622+04 
.23  9640*04 
.131650*04 
. 130670*04 
.131630*04 
.  130710+04 
. 130730*04 
.  13  1 7-4  E  +  04 
. 135760*04 
.1307SE+C4 
.130000*04 
. 130820*04 
.133840*34 
. 13  CASE *04 
. 13  0  t)?0  *04 
.U0eiE*04 
. 131910*04 
.109930+04 
.  13  5  940*04 
.  13096E+34 
. 103950*34 
.1212CO+C4 
.131020*04 
.131030*04 
.  1310  50*04 
.101C7E+04 
.  10 109E  *04 
.131110*04 
.131120*04 
.131140*04 
.  13  116C+04 
. 101180*04 


?*r 


I  )  j  U.S.  STANDARD  ATSOSPHERE 


»r-:ssjr-  au r 

T  2  '1  E  R  9  T  U  R  r 

t  -  T) 

(02S.  VNUSRAn 

usi::. 

“.■354182432 

115233. 

“•35 33 4" »02 

115333. 

35249£  ♦■■'3  2 

11-3403. 

“.33153:402 

115533. 

-.  33 0 3  IE ♦ 32 

1 1  543  J . 

-.'onj-OEfO: 

114  7  ) :  . 

-.  S 5 9 IRE* 02 

1 1 5  j  . 

-. 5582754-;? 

115  3  3  3. 

-•35  7*i\0? 

115. 33. 

-  .  3  3  63  -t  2  4  )  i 

116103. 

-.3557*2*02 

1 1  ft  .  •  ' . 

-.  33493  2  432 

11-310). 

-.35405-4)? 

116433. 

-.333211402 

11663:. 

-. 3323 7-  4)2 

116*  3.. 

-  .  3  5 1  3  2  2  *  )  2 

116703. 

-•33033E402 

11583  0. 

-.  3498  3; 4 32 

116033. 

-.  3483  32  *02 

1173 J  ). 

-.348152*02 

117142. 

-.3471)2* )2 

117253. 

-.  34  7.4  62  4)2 

117831. 

-  •  3  4  5  3  1 E  +  0  2 

11740 j. 

-.  34477-3402 

117603. 

-.243332402 

117-.0C. 

-.  34.0  )8-:  *02 

117733. 

-.  34224E  4)2 

117003. 

-.  . 34:3  )2  *  32 

117933. 

-.3 4 C 3)2*32 

118300. 

-.30971:4)2 

118100. 

-.3393 3: *02 

118  2  0  u  . 

-. 3380 22 4)2 

118300. 

-.337132432 

113403. 

-.Si  6  332402 

1185)3. 

-. 5 3  54 9 r  4)2 

118630. 

-.  334-1  '4.2  402 

1187)0. 

- .  J  3  3  S  3  •  ♦  )  2 

1180  j. 

-.  ).-:?)62  4)2 

118  00.’. 

-. 33211-4)2 

1193Cw. 

-.531272  402 

119103. 

-.330422*32 

119232. 

-.329582432 

119332. 

-. 32874E 432 

11940:. 

-.3273  92  402 

i 195)3. 

-.3? 70 52402 

110634. 

-.320212*32 

1 1  9  7  G  „  , 

-.325362*32 

119803. 

-. 32432" 402 

119930. 

-. 32357 E 4J2 

1  ?  C  0  j  . . 

-..322812  402 

3I3MA 

DELTA 

<R,H0/3.L.RHO> 

(PRESS/3. L. PRES 

.5821 4 £-02 

.530442-02 

.578932-32 

.333012-02' 

.675732-0? 

.555532-02 

.372302-32 

.551132-02 

.669422-02 

. 550732-02 

.55*5282-02 

.548392-02 

.65  313E-3  2 

.343012-02 

•653032- 3 2 

.543652-02 

•656932-3  2 

.541302-02 

.303892-02 

.538932-02 

.65385E-02 

.535522-02 

.647782-02 

.5343)2-32 
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